Pure spin currents, i.e. the transport of angular momentum without an accompanying charge current, represent a new, promising avenue in modern spintronics from both a fundamental and an application point of view. Such pure spin currents can not only flow in electrical conductors via mobile charge carriers, but also in magnetically ordered electrical insulators as a flow of spin excitation quanta. Over the course of the last years remarkable results have been obtained in heterostructures consisting of magnetically ordered insulators interfaced with a normal metal, where a pure spin current flows across the interface.
I. INTRODUCTION
Modern day electronics, that hinges on charge current transport, is nowadays approaching the fundamental limit and it currently seems that the famous Moore's law is coming to a stop 1 . The search is now on for novel approaches to store and process information that go beyond simple charge currents 2 . In the realm of spintronics the so-called pure spin currents, i.e. the net flow of (spin) angular momentum without an accompanying charge current, represent a new paradigm and are a promising candidate for such novel approaches 3 . Over the last decade a lot of fundamental research work has been dedicated to find means to generate and detect such pure spin currents 4 .
A very intriguing property of pure spin currents is that they can not only flow in electrical conductors, where the angular momentum is carried by mobile charge carriers, but also in magnetically ordered electrical insulators via magnons (spin excitation quanta). This allows for new interesting device concepts for magnon based information processing [5] [6] [7] .
While in the first years of pure spin current centered research the role of magnetically ordered insulators (MOIs) was to rule out spurious contributions in the experiment, they now represent a cornerstone for modern spintronic device concepts. This was only possible due to the progress made both in theory and experiment focused on pure spin currents and requires to interface the MOIs with normal metals 4, 8, 9 . A nora) Electronic mail: Matthias.Althammer@wmi.badw-munchen.de mal metal(NM) is an electrical conductor without magnetic ordering. In such MOI/NM heterostructures most commonly the spin Hall and inverse spin Hall effect caused by spin-orbit interaction in the normal metal are used to electrically detect and even generate pure spin currents [10] [11] [12] [13] . In addition, the interface between the MOI and the NM and its transparency for pure spin currents play a crucial role in such type of experiments 8, 9, [14] [15] [16] [17] . In the end, this allows to detect the pure spin current flow across the interface using electrical measurement schemes.
A prominent example for the usage of MOI/NM heterostructures are spin pumping experiments, where the excited magnetic order parameter in the MOI pumps a pure spin current across the interface into the NM 8, 15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . An important result from these experiments was that the interface of MOI/NM heterostructures is as transparent as all metallic ferromagnet/NM structures, showing that pure spin current transport across the interface can be very efficient in MOI/NM systems 22 . In the early stages, spin pumping experiments where mostly dealing with the time-invariant part of the injected spin current in the NM, while quite recently the time-varying part of the pure spin current has been put into focus as it may pave the way to high processing speeds up to the THz regime [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Moreover, the reciprocal effect of spin pumping enables us to drive magnetization dynamics and spin waves by applying a DC charge current bias to MOI/NM systems [43] [44] [45] [46] .
The longitudinal spin Seebeck effect showed that also a thermal gradient can be used to generate magnetic excitations in the MOI and drive a pure spin current across the interface into the NM, where it can be detected as an electrical voltage (current) 16, [47] [48] [49] [50] [51] [52] . Here, MOIs played a crucial role to rule out other possible sources for the experimentally observed signals 47, 48 . The spin Seebeck effect allows to use MOI/NM heterostructures for waste energy recycling by either generating electrical currents by the inverse spin Hall effect, or directly using the spin current for information processing tasks 50 . Another important contribution from spin Seebeck effect research led to a deeper understanding of magnon excitations in MOIs that were previously only experimentally attainable by neutron and inelastic light scattering experiments 53 .
A next crucial step was the discovery of a novel magnetoresistance effect in MOI/NM heterostructures, where the resistance of the NM depends on the orientation of the magnetic order parameter [54] [55] [56] [57] [58] [59] . This effect is called the spin Hall magnetoresistance and crucially hinges on the charge based spin current generation and detection via the spin Hall and inverse spin Hall effect and the tunability of the spin current flow across the interface via the orientation of the magnetic order parameter 55 . Initially, this effect allowed to infer important spin transport parameters from simple electrical transport experiments 54, 58 , but it has also proven its usefulness in detecting complex magnetic phases (e.g. helical, spin-canting and spin-flop ordering) in MOIs [60] [61] [62] [63] [64] [65] [66] [67] [68] .
Last but not least, the experimental observation of the long distance magnon transport using all-electrical techniques two years ago has laid the foundation for interfacing charge based information processing with magnon logic [69] [70] [71] [72] . This effect can be thought of as the non-local analogue of the spin Hall magnetoresistance: Two NM layers are separated by a MOI from each other, while a charge current is flowing through one of the normal metal layers, a non-local voltage can be detected in the other NM layer. The magnitude of the non-local voltage depends crucially on the orientation of the magnetic order parameter in the MOI and can be explained by thermally activated inelastic scattering processes at the NM/MOI interfaces, that allow to transfer a fraction of the pure spin current generated from the charge current by the spin Hall effect in the first NM layer via magnons in the MOI to the second NM layer, where the inverse spin Hall effect transfers the spin current back into a charge current for electrical detection.
In this topical review we will cover these 4 different areas of pure spin current in MOI/NM heterostructures. In Section II we first discuss the theoretical framework that explain the underlying principles of charge based pure spin current generation and detection and the flow of pure spin currents across the MOI/NM interface. This section is followed with a more detailed description of relevant material systems used in the experiment in Sec. III. As a next step, we discuss the spin pumping effect and highlight the experimental detection of spin pumping using broadband ferromagnetic resonance and electrical detection techniques in Sec. IV. This is then followed up by a discussion of the longitudinal spin Seebeck effect and its dependence on the magnon bandstructure experimentally observed in compensated rare-earth iron garnets in Section V. The spin Hall magnetoresistance and the application of this magnetoresistance effect to detect non-collinear magnetic phases is covered in Sec. VI. In Section VII, we then review the recent progress in all-electrical spin Hall effect based magnon transport experiments. We summarize the presented results briefly in Section VIII and give an outlook into interesting future pathways for pure spin current research in MOI/NM heterostructures in Section IX.
II. PURE SPIN CURRENTS ACROSS MOI/NM INTERFACES: BASIC THEORETICAL FRAMEWORK
In this section we explain the most fundamental principles of pure spin current physics and their implications for experiments. As a first step the physical concept of a pure spin current is established. This is the followed by discussing the generation and detection via the spin Hall and inverse spin Hall effect. As a last step we look into the transport of a pure spin current across the MOI/NM interface, where elastic and inelastic spin-flip scattering processes at the interface of the charge carriers in the NM give rise to the transfer of angular momentum between the MOI and the NM.
A. Pure spin currents
In an electrical conductor the charge carriers not only posses a charge, but also a (spin) angular-momentum degree of freedom. From this perspective, the flow of charge carriers not only allows for the transport of charge, i.e. an electrical current, but also enables the transport of angular momentum, i.e. a spin current 4, 8, 9 . In addition, charge carriers transport energy leading to the flow of heat currents. In the following we keep the focus on charge and spin currents and assume that the charge carriers are electrons with negative elementary charge e.
A very simple picture of of a pure charge and a pure spin current can be drawn using the two spin-channel model established by Juliere in 1975 73 . Within this model we consider two independent contributions to the total charge and spin cur- (a) Illustration of a pure charge current, the same number of spin-up and spin-down electrons move in the same direction. This leads to a net charge current density j q , while the spin current density j s vanishes. (b) Flow of a pure spin current. The same number of spin-up and spin-down electrons move in opposite directions, such that the net charge current is zero, while a finite amount of angular momentum is transported and a finite pure spin current density flows.
rent transport stemming from the spin-up and spin-down electrons. In this way we obtain the charge current densities j ↑ for the spin-up electrons and j ↓ for the spin-down electrons. The total charge current density j q is then the sum of these two quantities: j q = j ↑ + j ↓ . In analogous fashion, the pure spin current density j s in units ofh per unit area is given by j s =h/(2e)(j ↑ − j ↓ ), withh the reduced Planck constant. We first consider a pure charge current in this model as illustrated in Fig. 1(a) . Here, the same number of spin-up and spin-down electrons move in the same direction. Thus, the sum of and also j q remain finite while j s = 0 and no angular momentum is transported in this scenario. On the other hand, Fig. 1(b) depicts the realization of a pure spin current. Now, the same number of spin-up and spin-down electrons move in opposite directions. As a result j q is zero, while we now obtain a finite j s and thus only a flow of angular momentum is realized without an accompanying charge current flow. In more detail, j q represents the transport of electron charge and can be written as j q = −en v , where n is the density of the electrons, v is the velocity operator, and ... denotes the thermodynamic expectation value for a non-equilibrium state. Similarly, we can write the spin current density as j s =h/2n v ⊗ σ , where σ is the vector of Pauli spin matrices 9 . At a first glance these definition seem to represent similar quantities, however, the vector j q describes the transport of a scalar, i.e. the electron charge, and the second rank tensor j s describes the transport of an axial vector, i.e. angular momentum. In this regard, a pure spin current not only has a direction of flow, but also an orientation of (spin) angular momentum. One should also keep in mind that charge is a conserved transport quantity. In contrast, angular momentum is only conserved on the length scale of the spin-flip length λ sf , because the angular momentum can be transferred for example to phonons. A very intriguing property of pure spin currents is that they can not only flow in electrical conductors via charge carriers, but also in electrical, magnetically ordered insulators (MOIs) via magnetic excitation quanta (e.g. magnons). In addition, j q can be driven either by a gradient in the electrochemical potential or a temperature gradient, while for j s a gradient in the spin-dependent electrochemical potential or in temperature act as a driving force. As evident from this discussion, pure charge and pure spin currents are rather different physical entities.
B. Spin Hall effect
A first major obstacle for the investigation of pure spin currents was to find means to generate and detect pure spin currents. The spin Hall effect (SHE) and inverse spin Hall effect (ISHE) allow to transform a charge current into a spin current and vice versa, enabling all electrical access to spin current physics. While a phenomenological description of the SHE has already been put forward by D'yakonov and Perel' 10 in 1971, interest into these effects started to increase 3 decades later, when Hirsch 11 published his theoretical description of this effect and coined the term spin Hall effect. This was the spark that lead to a series of publications on the SHE in the- The spin Hall effect transforms a charge current density j q into a pure spin current density j s with spin direction s. In the steady state a spin accumulation is generated at the sample edges, which leads to a gradient in the spin-dependent electrochemical potential and compensates j s . (b) A pure spin current density j s with spin orientation s is transformed into a charge current density j q via the inverse spin Hall effect. The charge current leads to a charge accumulation at the sample surface, which leads to an electric field compensating the charge current flow.
ory and experiment. Two very good review articles that cover all these theoretical and experimental observations have now been published by Hoffmann 12 and Sinova et al. 13 . It is worth mentioning that the SHE is the more general manifestation of the anomalous Hall effect [74] [75] [76] . The SHE and ISHE originate from spin-dependent transverse velocities that the charge carriers acquire when moving through an electrical conductor with finite spin-orbit interaction. These spin-dependent transverse velocities arise due to extrinsic and intrinsic effects. The term extrinsic effects represents scattering events of the electron with impurities, phonons, etc., which lead to a finite transverse velocity depending on the spin orientation of the electron. Prominent examples are the skew-scattering 77 and side-jump scattering 78 . Intrinsic effects are bandstructure effects that lead to a finite Berry phase and thus in the end also to a spin-dependent transverse velocity 79 .
In more detail, the SHE allows to transform a charge current density j q into a pure spin current density j s with spin orientation s that is perpendicular to both j q and j s . Thus one can write this conversion as
The spin Hall angle α SH is material dependent parameter that reflects the magnitude of the spin-dependent scattering effects. The SHE thus allows to generate a pure spin current in a material without magnetic order, but finite spin-orbit coupling. Figure 2 (a) illustrates the relevant process for the SHE. Due to the applied j q the same number of spin-up and spin-down electrons move in the same direction. Due to the spin-dependent transverse velocity acquired while traversing through the material, spin-up and spin-down electrons are deflected into opposite directions and thus a pure spin current flows along this transverse direction with the spin orientation s ⊥ j q , j s . In the steady state and under open circuit boundary conditions, this spin current leads to a spin accumulation at the sample edges and thus a gradient in the spin-dependent elec-trochemical potential, which counteracts the pure spin current generated via the SHE, such that there is no net transverse spin current flow. The very first optical experiments used these spin accumulations to detect the SHE in semiconducting materials 80, 81 . Non-local spin valve experiments enabled all-electrical measurements of the spin Hall effect 82 . Due to Onsager reciprocity the inverse process, the ISHE, as illustrated in Fig. 2(b) also has to exist in electrical conductors with finite spin-orbit coupling. We first consider a pure spin current j s , with spin-up and spin-down electrons flowing in opposite directions. As both the spin direction and direction of movement are opposite, the spin-up and spin-down electrons are deflected in the same direction, due to the spindependent transverse velocity effects, and create a charge current j q given by 12, 13 :
The vector product nature of this transformation thus only leads to a charge current if j s is non-collinear to s. In this way, the ISHE enables the all-electrical detection of a pure spin current in an electrical conductor with finite α SH 20 . Since both SHE and ISHE rely on spin-orbit coupling, large α SH are expected in heavy elements. Large spin Hall angles have been reported in materials such as platinum (Pt), tantalum (Ta), tungsten (W), gold (Au), or alloys such as CuBi, with |α SH | < 0.4 [83] [84] [85] [86] [87] [88] [89] . We here restrict ourselves to the conversion of a charge current driven by a gradient in the electro-chemical potential into a spin current and vice versa. However, it is also possible to generate a pure spin current from a thermal gradient via the spin Nernst effect. This effect has been theoretically postulated to be present in materials with spin-orbit coupling, but only very recently the first experimental observation of this effect was possible using MOI/NM heterostructures [90] [91] [92] .
While initially it was assumed that only the spin Hall effect can account for a transformation from charge currents to spin currents and back, it is now clear that due to the broken inversion symmetry at the interface (for example at the NM/MOI interface) additional effects like the spin galvanic effect have to be taken into account [93] [94] [95] [96] [97] . However, due to the short spin diffusion length in most materials with large spin Hall angle it is very difficult to disentangle the different contributions in the experiment, as they exhibit the very same symmetry. In this way Eqs. (1) and (2) can still be employed to describe the transformation of a charge current into a pure spin current, but the conversion efficiency given by α SH is an effective value of all the different effects contributing to this transformation.
C. Spin currents across MOI/NM interfaces
In the previous section we discussed the effects of the SHE and ISHE in an electrical conductor with finite spin-orbit coupling and the transformation of a charge current into a spin current and vice versa. As a next step, we look into the pure spin current transport across the MOI/NM interface 8, 9, [14] [15] [16] [17] . 3 . Illustration of the interfacial spin current j s,int flowing across a MOI/NM heterostructure. In the NM the orientation of the spin accumulation is given by s. Moreover, the temperature T N of the charge carriers in the NM is important for the magnitude of the spin current. In the MOI the orientation of the magnetic order parameter N and the temperature T M influence the spin orientation and magnitude of the interfacial spin current. The microscopic processes relevant for the spin current across the interface are elastic and inelastic spin-flip scattering processes of the charge carriers in the NM at the MOI/NM interface, causing a torque τ onto N or transferring angular momentum and energy to the magnetic excitation quanta in the MOI, respectively.
For this we follow the theoretical framework outlined by Bender and Tserkovnyak 17 , which allows to describe spin pumping, spin seebeck effect, spin Hall magnetoresistance as well as magnon mediated magnetoresistance. While Bender and Tserkovnyak in their publication describe the spin and energy transport across the interface, we here mostly focus on the spin transport. First, we consider a MOI/NM heterostructure as illustrated in Fig. 3 , where a spin accumulation with spin orientation s persists in the NM and the magnetic order parameter N (and a unit vector describing its orientation n = N/N) is present in the MOI. The spin accumulation in the NM can be parameterized by the spin-dependent chemical potential µ s (z) and the accumulation of magnetic excitation quanta is given by the magnon chemical potential µ mag . In addition, we assume different temperatures T N and T M for the electronic system in the NM and the magnonic system in the MOI, respectively. In this way we can write the pure spin current across the interface flowing from the NM into the MOI as 17
The interface parametersg ↑↓ i andg ↑↓ r are the effective spin mixing conductance parameters, including effects of finite temperature and magnon bandstructure of the MOI. g is the spin conductance and S the spin Seebeck coefficient. All these four parameters can be calculated from the real and imaginary parts of the T = 0 spin-mixing conductance g ↑↓8,9,14,98 and taking into account the magnon density of states given by the magnon bandstructure of the MOI (For more details onto this process see Refs. 17, 99 ). The pure spin current flow across the interface is made up as the sum of two terms. The first term describes the spin current flow due tog ↑↓ and persists even at vanishing temperatures. The second term in contrast is thermally activated and thus vanishes for T = 0. Moreover, the first term is responsible for the manifestation of the spin pumping (Sect. IV) and spin Hall magnetoresistance effect (Sect. VI), while the second term causes the spin Seebeck effect (Sect. V) and allows for all-electrical SHE based magnon transport experiments (Sect. VII). The physical principle behind these two terms are elastic and inelastic spin-flip scattering processes at the interface for the charge carriers in the NM as illustrated in Fig. 3 . The first term containingg ↑↓ i andg ↑↓ r stands for elastic spin-flip scattering at the interface, here the angularmomentum of the spin-flip is transferred onto the magnetic order parameter n acting as a torque τ on it. The second term with g and S represents inelastic electron spin-flip scattering at the interface, the change in energy of the charge carrier is transferred to magnetic excitation quanta in the MOI and thus couples µ s and µ mag . The spin orientation of the spin current across the MOI/NM interface caused by the second process is always oriented along n. It is important to note that the interfacial spin current j s,int across the interface is still described as a vector, although the flow direction is fixed by the interface, the spin orientation s of the spin current still has to be included.
While the detailed calculation/simulation of these 4 interface parameters (g ↑↓ i ,g ↑↓ r , g, and S) can be quite complicated, especially if one includes effects from real magnon bandstructures into the model. Eq. (3) allows in the experiment to extract these quantities, provided one can measure the other relevant parameters entering the equation independently. It is remarkable that this equation allows to describe all the relevant processes taking place at the interface for the four distinct phenomena covered in this review article.
III. MATERIALS FOR MOI/NM HETEROSTRUCTURES
Before we discuss the effects originating from pure spin current transport across a MOI/NM interface, it is worth to give an short overview of the different materials that have been used in the experiment for the investigation of such pure spin current phenomena. In most of the experiments presented here, the NM acts as the pure spin current detector by making use of the ISHE. For the generation of pure spin currents, non-equilibrium processes either in the MOI using microwave irradiation or temperature gradients or by driving a charge current through the NM and generating a pure spin current via the SHE ar employed. Thus for the NM large values of α SH are desirable, which is achieved for example in some transition metal elements. For the MOI, ferro/ferrimagnetic order with a long magnon lifetime, i.e. low damping of the ferromagnetic resonance, are prerequisites to manipulate the orientation of the magnetic order parameter by an external magnetic field and to achieve large spin current values. The material class of the rare-earth iron garnets has with yttrium iron garnet one prototype material of such a MOI. Last but not least, the clean interfaces between the MOI and the NM are required for successful pure spin current transport across the interface.
A. Transition Metals
For the NM a large spin Hall angle is desirable to increase the efficiency of the transfer from a charge current to a spin current and vice versa. Initial work in this direction was focussed on heavy element metals, as the spin-orbit coupling and thus the spin Hall angle increases with the atomic mass of the element used. Over the course of the recent years especially tungsten, tantalum and platinum have been identified as ideal materials with large spin Hall angles [83] [84] [85] [86] [87] [88] [89] 100 . While large spin-orbit interaction boosts the spin Hall effect, it is also relevant for the electron spin-flip length λ sf in these materials. Thus all these materials exhibit a small λ sf , with values of a couple of nanometers 12 . In this way, if one wants to investigate spin currents in these material the dimensions of the samples have to be at least in one direction comparable to this length scale, which in this case requires thin films of these materials.
The growth of transition metals thin films is with the advent of ultra-high vacuum deposition systems nowadays no major challenge. Typically, sputter deposition and thermal evaporation have been employed to fabricate these thin film samples. However, important aspects to keep in mind are excellent thickness control of the deposition process, homogenous thin film growth and avoiding intermixing at the interface. Another point worth mentioning is the role of impurities in the NM. Many ab-initio calculations suggest that the spin Hall angle of the host material can be drastically changed by impurities in the host system. Up to now only few experimental investigations have been conducted to address the role of impurities for the spin Hall effect in these materials. The role of impurities may especially be relevant for other growth methods which are susceptible to leave traces of impurities in the deposited material, like for example atomic layer deposition due to the use of precursors. As already discussed, not only the spin Hall effect can contribute to the transfer of a charge current into a spin current, but also interfacial effects may be relevant. This may provide additional ways of tuning the effective spin Hall angle for example by changing the capping layer, which is needed for easily oxidized materials like W and Ta. However, systematic studies in this direction are very scarce at the moment. Up to now most experiments used polycrystalline or sometimes textured transition metals, such that investigations of the crystalline anisotropy of the spin Hall effect can not be conducted.
Taken all together transition metal elements provide an easily accessible experimental platform that allows to use these materials as the NM acting as an charge-current-based generator and detector of pure spin currents.
B. Rare-earth iron garnets
As already mentioned above, rare-earth iron garnets (REIGs) are an ideal MOI material class for pure spin current experiments in MOI/NM heterostructures. Among the rareearth iron garnets, yttrium iron garnet (Y 3 Fe 5 O 1 2, YIG) is the prototype material with unprecedented magnon lifetimes. YIG is an artificial ferrimagnetic insulator with a Curie temperature well above room temperature (T C = 560 K 101 ). Since its first fabrication over 50 years ago 102, 103 YIG is widely used in microwave applications, for example as a tunable narrow bandpass filter or resonator 104 , and in magneto-optical applications, for example as an optical insulator in optical fibre communications 105 or even for the ultra fast magneto-optic sampling of current pulses 106 . This broad application range is based on the excellent magnetic properties of YIG, such as very low magnetic damping and large Faraday rotation angles when doped with bismuth. In the cubic garnet structure (Ia3d) of YIG (lattice constant a = 1.238 nm) illustrated in Fig. 4 (a) three Fe 3+ (S = 5/2) ions are tetrahedrally coordinated (24d) by oxygen while the remaining two Fe 3+ ions are coordinated octahedrally (16a) in one formula unit. This leads to the formation of two oppositely aligned ferroic sublattices with a net magnetization of 5 µ B /f.u. 107, 108 . Ga substitution of tetrahedral iron results in a compensation point due to the different temperature dependence of the two sublattices 109 . Other rareearth iron garnets exhibit a compensation temperature due to the magnetic moment of the rare-earth element, which is either parallel or antiparallel oriented to the net magnetization of the two iron sublattices (See Fig. 4(b) and (c)). All in all, rare-earth iron garnets are a very versatile magnetic material class and allow to tune their magnetic properties by doping with various elements. This versatility makes the insulating compound YIG an interesting candidate for spin current related experiments. One thing to keep in mind though is that the magnetic unit cell of any REIG is very complex and thus the magnon bandstructure consists of several bands 110 , which can make the interpretation of experimental results in this regard quite complex.
In YIG the Y 3+ ions do not posses a magnetic moment, however, if one replaces Y with a rare-earth element with finite magnetic moment in its ionized state, one has three magnetic sublattices with magnetization M i103 . We here use M RE , M Fe,d , and M Fe,a for the magnetizations of the magnetic sublattice for the rare-earth ion, the tetrahedrally coordinated iron ions, and octahedrally coordinated iron ions, respectively. In case of the REIGs the iron magnetic sublattices are coupled strongly antiferromagnetically to each other, such that M Fe,a is always antiparallel aligned to M each sublattice magnetization is inverted, when going from a temperature above T comp to a temperature below T comp . Thus REIGs with magnetic compensation allow to investigate experimentally the transition from ferrimagnetic ordering to antiferromagnetic by simply tuning the temperature.
A common approach to model the three magnetic sublattices in REIGs is to apply a mean field model with a Brillouin function describing each sublattice magnetization 108, 111, [113] [114] [115] . This approach was first suggested by Bernasconi et al. for gadolinium iron garnet (GdIG) 113 . In Fig. 5 we show the numerical results obtained for such a model for (a) YIG and (b) GdIG doped with indium and yttrium ((In,Y)GdIG) using the parameters from Ref. 113 . The doping of GdIG lowers T comp from close to 300 K to below 100 K, which allows in the experiment to more easily gain access to the regimes above and below T comp . For YIG the temperature dependence of the two iron magnetizations are quite similar and the total magnetization M net increases monotonically with decreasing temperature. In contrast, for (In,Y)GdIG the magnetization M Gd has a much stronger temperature dependence than the net iron magnetization M Fe . This leads to a non-monotonic temperature dependence of M net and at T comp M net = 0. Due to the reversal of the magnetic moment orientations of each magnetic sublattice at T comp (upon application of an external magnetic field), compensated REIGs enable us to investigate the role of the sublattice moments for pure spin current physics. It is worth mentioning that in addition to the magnetization compensation point compensated REIGs exhibit an angular momentum compensation point. These two compensation points do not necessarily happen at the very same temperature, which may allow to even more deeply assess the role of sublattice angular momentum and sublattice magnetization in pure spin current experiments.
Another intriguing effect of REIGs is the existence of a spin canting phase upon applying an external magnetic field with sufficient strength, where the sublattice magnetizations are no longer aligned collinear 111, 113, 114, 116, 117 . This effect is similar to the spin-flop transition in antiferromagnets. For YIG the external magnetic field has to be comparable to the exchange field mediating the antiferromagnetic coupling of M Fe,d and M Fe,a . Again this phenomena can be modeled using a mean field approach now including an external magnetic field 113, 114 . The net magnetization of the magnetic sublattices has to be oriented parallel to the applied external magnetic field. However, this does not necessarily require the sublattice magnetizations to be oriented parallel or antiparallel to the external magnetic field. From this evaluation one obtains temperature dependent lower (H lower ) and upper critical fields (H upper ) for the existence of the spin canting phase. The numerical result of such calculations for YIG, using molecular field parameters from Ref. 113 are shown in Fig. 6(a) . For YIG the spin canting phase is accessible for T < 200 K, but requires external magnetic fields exceeding 250 T, which is well above the magnetic fields that can be realized in the lab. For temperatures above 200 K the iron sublattice magnetizations are always oriented collinear with the external magnetic field, only M Fe,a reorients from antiparallel to parallel for large enough magnetic fields (again much larger than what is available in the lab). For compensated REIGs like (In,Y)GdIG the necessary magnetic fields to obtain a spin canting phase are significantly reduced as evident from the results of the mean field approach shown in Fig. 6(b) . Especially at T comp any applied field directly results in a canting of the sublattice magnetizations. There is also an upper temperature limit (as was the case for YIG) for which spin canting can be observed in the material. It is important to understand that within the spin canting phase the net magnetization, i.e. the vectorial sum of the sublattice magnetizations, is no longer the order parameter of the system. Similar as in the antiferromagnets the Néel-vector is the order parameter (outside of the spin canting phase the Néel-vector and the net magnetization vector are oriented collinear to each other). The intriguing aspect of the spin canting phase is that the net magnetization is oriented parallel to the external magnetic field, but the sublattice magnetizations are now in a non-collinear orientation with the external magnetic field, which allows in the experiment to investigate the role of sublattice magnetic moment orientations on pure spin currents in a MOI. It is worth mentioning that from the mean field approach only the canting angle of the sublattice magnetizations with respect to the external magnetic field is determined, which means that in spherical coordinates only one angle is fixed, while the other one is not determined. In this way, there is an infinite number of sublattice magnetization orientations that can realize the required canting angle. Such that it is quite possible that in a real material multiple domains with different magnetic sublattice orientations can form in the spin canting phase 114, 118 . However, the detection of such a multidomain state is experimentally very challenging as it requires techniques that are able to spatially resolve sublattice magnetization orientation. This degeneracy may be lifted by the magnetic anisotropy of the material and can be modeled by a free energy approach as detailed in Ref. 114 .
Single crystals of YIG grown from the melt 105 are widely available and substitution with various elements to tailor the magnetic properties of YIG has been extensively studied in the last decades 102, 104, 109, 119 . Thin film deposition of high quality YIG has been mainly achieved using liquid phase epitaxy 120, 121 , but also pulsed laser deposition (PLD) allows to grow high quality REIGs thin films [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] . Even the epitaxial growth of high quality YIG thin films using RF-sputter deposition has been successfully realized [132] [133] [134] [135] [136] . One of the major advantages for the epitaxial growth of YIG is the availabil-ity of a well lattice-matched substrate: gadolinium gallium garnet (GGG) 137 . At room temperature GGG matches nicely the lattice constant of YIG (lattice misfit 0.03%) and remains well lattice-matched even at the elevated temperatures needed for epitaxial growth due to similar thermal expansion coefficients. Thus GGG substrates enable the growth of YIG thin films with excellent crystalline and magnetic quality. GGG is also a suitable substrate choice for the deposition of many other rare-earth iron garnet thin films and enables layer-bylayer growth of the REIGs thin films. One drawback when using GGG as the substrate material is the significant paramagnetism of the gadolinium ions, which makes magnetometry measurements of thin ferromagnetic films on top quite challenging due to the large substrate background signal. Another suitable substrate is yttrium aluminium garnet, but the lattice mismatch with YIG is considerably larger, which can significantly reduce the quality of the YIG film on top. In addition, aluminium can diffuse into the YIG film and alter the properties of the YIG layer. The usage of a thin GGG buffer layer may allow for higher quality on other substrates than GGG. Over the last two years the REIG Tm 3 Fe 5 O 1 2 (TmIG) has received some attention, as this material allows to realize perpendicular magnetic anisotropy [138] [139] [140] in a MOI and magnetization switching in the TmIG layer has been achieved with pure spin currents in TmIG/Pt heterostructures. In the last year even perpendicular magnetic anisotropy has been obtained for YIG thin films 141 . Due to these properties REIG thin films can be quite easily produced in decent quality with state-of-the-art thin film equipment. However, due to the large lattice constant of REIGs and their low electrical conductivity, it is not straight forward to grow fully epitaxial MOI/NM heterostructures by using REIGs as the MOI and/or the NM. Such epitaxial thin films may be beneficial for more sophisticated device concepts for pure spin current experiments and applications.
C. Perspectives for materials
While most of the experimental work dealing with pure spin currents in MOI/NM heterostructures in the last decade has been focused on heavy transition metal elements interfaced with iron garnet materials, some interesting results have been already obtained with other materials, opening up new avenues for future experiments.
For the NM, for example transition metal oxides like IrO 2 , indium tin oxide, tungsten oxides have been used in the experiment and a sizable spin Hall effect in these materials has been observed [142] [143] [144] [145] . Theoretical predictions and experiments suggest large spin-orbit coupling for even more complex transition metal oxides, like SrIrO 3 , which may also give rise to significant spin Hall effects in combination with the surface states of a topological insulator [146] [147] [148] [149] . Furthermore, 2-dimensional materials [150] [151] [152] [153] and topological insulators with surface conduction states have been interfaced with MOIs to investigate pure spin current transport across such interfaces. In this regard, experiments by Jamali et al. yield a large spin Hall angle of 40% 154 for the topological insulator Bi 2 Se 3 . Another intriguing aspect is to employ the charge to spin current transfer due to the anomalous Hall effect in ferromagnetic materials 155 or in antiferromagnetic materials 156 . For example, electrically detected spin pumping experiments in SrRuO 3 showed an increase in the conversion efficiency around the Curie temperature of the ferromagnet 157 . As already mentioned in Sec. II not only the "bulk" spin Hall effect of an material allows to generate and detect pure spin currents, but also the spin galvanic effect 94, 97 and/or Rashba-Edelstein effect 93, 95, 96, [158] [159] [160] due to the broken inversion symmetry can contribute. In this way engineering of the interface during the deposition of the materials might be a possible pathway towards more efficient spin current generators and detectors.
For the MOIs, ferrites and perovskite materials have already been used as an alternative to REIGs. For example, recent experiments showed a significant improvement of nickel ferrite thin films grown by PLD on lattice matched substrates and it would be interesting to see how this affects pure spin current transport 161 . Similarly, La 0.7 Sr 0.3 MnO 3 layers grown by pulsed laser deposition have achieved low damping 162 . As epitaxial heterostructures are not required for pure spin current experiments in MOI/NM systems, other MOIs with a magnetic order that goes beyond a ferro-/ferrimagnetic ordering have already been investigated in theory and experiment. Here, especially the work on antiferromagnetic MOI has received quite some attention in the recent years. Several groups reported on the spin pumping, spin Seebeck effect and spin Hall magnetoresistance in antiferromagnetic insulators, like NiO and Fe 2 O 3 63-68,163-171 . In a pioneering work by Aqueel et al. pure spin current physics in a topological material as the MOI has been investigated using Cu 2 OSeO 2 /Pt heterostructures, which may pave the way towards driving spin dynamics by pure spin currents 61 . A next interesting step would be to artificially design of MOIs by growing multilayers of MOIs and other insulators, with the goal to tailor the relevant properties for pure spin current experiments. On the one hand, such engineered multilayers provide a toolset to design the magnonic bandstructure of the system and control exchange interactions. On the other hand, interfacial effects like the interfacial Dzyaloshinskii-Moriya interaction can give rise to topological spin textures in these artificial MOIs, similar to what has already been achieved in metallic multilayers, where nowadays skyrmions at room temperature are readily realized [172] [173] [174] [175] . A first step into this direction has been carried out quite recently in multilayer structures of perovskites in form of a synthetic antiferromagnet based on La 2/3 Ca 1/3 MnO 3 /CaRu 0.5 Ti 0.5 O 3 stacks 176 and a 2-dimensional antiferromagnet based on multilayers of SrIrO 3 and SrTiO 3 177 .
With the multitude of materials available it should be in principle possible to realize fully epitaxial heterostructures of MOI and NM. In such a system effects of crystalline anisotropy on the pure spin currents can be investigated and even be exploited to enhance effects. Moreover, provided 2-dimensional growth modes can be established for the NM as well as for the MOI it is then possible to tune the interface termination and more systematically investigate the influence of termination on the pure spin current transport across the interface. On the other hand, recent experiments conducted on amorphous YIG thin films suggest that even amorphous materials may be suitable for very efficient pure spin current transport mediated by antiferromagnetic exchange interactions.
IV. SPIN PUMPING IN MOI/NM HETEROSTRUCTURES
As already discussed in the theory part in Sec. II one way of generating a spin current in MOI/NM heterostructures is by driving the magnetic order parameter N out of equilibrium. In terms of Eq.(3), we then assume thatṅ = 0 and µ mag = µ s (0) = (T M − T N ) = 0, i.e. no magnon accumulation in the MOI, no electron spin accumulation in the NM and no temperature difference between the magnonic system in the MOI and electronic system in the NM. This is then called the spin pumping effect. A time-dependent magnetic order parameter "pumps" a pure spin current across the interface 8, 15, 18, 22, 23, 27 . In a ferro-/ferrimagnetic system this can be achieved by ferromagnetic resonance (FMR). The magnetization is driven into a precessing motion by applying a static and a time-varying external magnetic field, which is a collective excitation of the magnetic moments in the MOI. This leads to the flow of a pure spin current j s across the interface as illustrated in Fig. 7 . To drive the FMR frequencies in the GHz regime are required. Such collective excitations also exist in MOIs with a magnetic order different to ferromagnetism. However, for example in antiferromagnetically ordered MOIs the required frequencies are then in the THz range, which makes an experimental investigation much more demanding 30, 39 . In the following we will restrict ourselves to ferro-/ferrimagnetically ordered MOIs and discuss the effects of spin pumping only in this regard. Another point worth mentioning is that spin pumping is not limited to MOI/NM heterostructures, but also bilayers of magnetically ordered conductors and NMs can be used for such experiments [19] [20] [21] [23] [24] [25] [26] . However, a major advantage for the use of MOIs is that one can completely rule out charge current flow in the magnetically ordered material and across the interface, which makes the interpretation of experiments in this regard much easier.
In more detail, the excitation via the microwave field and the relaxation (damping effects) of the magnetization have to balance each other in the steady-state, which leads to a precessional motion of the magnetization M around its thermal equilibrium state, with a precession cone angle Θ (See Fig. 7 ). For the spin pumping effect we are interested inṅ, which can be modeled using the Landau-Lifshitz-Gilbert (LLG) equation 178, 179 
with the gyromagnetic ratio γ, the normalised magnetization direction m = M/|M| (identical to n for ferromagnetic systems and in good approximation identical for ferrimagnetic systems), and the so-called Gilbert damping parameter α describing viscous magnetization damping. The first term on the right hand side of Eq.(4) describes the precession of M around an effective magnetic field H eff , which contains the external magnetic field, as well as contributions from magnetic
Illustration of the spin pumping effect. In a ferromagnetic MOI/NM heterostructure the magnetization M in the MOI is driven into precession with the precession cone angle Θ around its equilibrium position by applying a microwave drive h FMR . The excess angular momentum for M is relaxed by pumping a pure spin current j s across the interface into the NM with a precessing spin polarization s. In the NM j s is then transformed into a charge current j q via the ISHE.
anisotropy and demagnetizing fields from the sample shape. From the LLG equation the FMR condition can be calculated, i.e. the microwave frequency required to obtain a resonant absorption for a given H eff . Following from Eq.(3), the corresponding pure spin current across the interface is given by 8,15
We can now add the right hand side of Eq. (5) to the right hand side of Eq. (4), because a pure spin current is also a change in angular/magnetic momentum (= dm/dt). From this, we find that the first term of Eq. (5) represents an additional Gilbert damping damping contribution to the magnetization dynamics of the FMR. This can be rationalized by the fact that the flow of j s across the MOI/NM interface represents in this regard a way of removing excess angular momentum from the MOI. Thus, α is changed by the spin pumping contribution. In a FMR experiment a way to quantify the spin pumping effect is then to compare the damping of a bare MOI to a MOI/Pt heterostructure. It should be noted that spin pumping is an interfacial effect, such that to observe sizable changes in the damping parameter nanometer thick layers of the MOI have to be used in the experiment. Moreover, the precession cone angle Θ, which parameterizesṁ, is the relevant parameter that defines the magnitude of the spin current across the MOI/NM interface. By increasing the power of the microwave drive one can increase Θ and in turn also increase the pure spin current across the interface. Another pathway to investigate the spin pumping effect is to electrically detect the pure spin current injected into the NM, by exploiting the ISHE in the NM, which transforms the spin current j s into a charge current j q (See Fig. 7 ). In most experiments, open electrical circuit boundary conditions are employed, such that the electric field originating from the charge accumulation driven by j s can be detected as a voltage. From Refs. 22, 25, 89, 180 , the magnitude of the spin pumping spin Hall voltage ∆V is given by
Here, σ NM and t NM are the conductivities and layer thicknesses of the NM, respectively, L is the distance between the two electrical contacts on the sample, and η is the backflow parameter (0 ≤ η ≤ 1) accounting for a possible spin current backflow into the FM and is defined as 181, 182 :
If t NM λ sf then η = 1 and the pumped spin current is completely absorbed in the NM. This backflow parameter has to be introduced if the thickness of the NM is comparable to the spin-diffusion length in the NM, which leads to a finite electron spin accumulation at the interface in the NM and thus µ s (0) = 0. This is in contrast to our initial assumptions for spin pumping in the first paragraph. The electron spin accumulation drives a spin current across the interface, which compensates the spin current driven by the spin pumping effect. The main advantage of this electrical detection approach is that the thickness of the MOI is not relevant for the voltage signal amplitude, in contrast to the damping based detection of spin pumping. However, the thickness of the NM layer has to be as thin as possible to reduce current shunting effects, but thick enough such that η ≈ 1, which requires thicknesses in the range of nanometers for the NM.
A. Broad band ferromagnetic resonance spin pumping
In the following we exemplarily discuss the results obtained on Gilbert damping parameter based detection of spin pumping for YIG thin films grown by pulsed laser deposition. The results shown here have been first published by Haertinger et al. using YIG thin films grown on GGG (111)-oriented substrates from our group 183 . In these broadband ferromagnetic resonance (BBFMR) experiments, YIG thin films with various thickness t YIG and capped in-situ with 10 nm thick Pt or without a capping layer have been investigated. In the BBFMR experiments the microwave frequency dependence of the FMR is investigated by applying different fixed microwave frequencies to the sample and recording the FMR spectrum as a function of the applied external magnetic field. In most BBFMR experimental setups this is achieved by placing the sample onto a coplanar waveguide and utilizing the inductive coupling between sample and waveguide for measuring the magnetic susceptibility of the sample. For each microwave frequency ν one then obtains the FMR resonate field and the FMR linewidth (full width at half maximum) by fitting a Lorentzian line shape to the experimental data. A very detailed explanation of this technique can be found for example in Refs. [184] [185] [186] . In the experiments conducted by Haertinger et al. the external magnetic field was applied along the surface normal of the thin film layers, which allows to suppress damping contributions originating from two magnon scattering. YIG/Au(7)/Pt (7) YIG/Pt (7) YIG(25)/Pt (7) YIG YIG (27) f(GHz) For the extraction of α for each sample one then determines the gyromagnetic ratio γ from the frequency dependence of the FMR field by a Kittel fit and applying a linear fit to the frequency dependence of the FMR linewidth. The frequency dependence of the FMR linewidth obtained for a YIG(26 nm)/Pt(10 nm) bilayer and a bare YIG(25 nm) layer is shown in the inset of Fig.8 . This process has been repeated for different YIG thicknesses and the extracted α parameters are plotted against t −1 YIG in Fig.8 . While for the bare YIG layers only a very slight dependence on t YIG is observed, for the YIG/Pt bilayers a increases of α with decreasing t YIG is observed. For the spin pumping effect one expects that α exhibits a linear t −1 YIG dependence, which is also the case in the experimental results. A linear function has been used as a fit to both data sets. The difference in the slope for YIG/Pt bilayers and bare YIG is then identical to the damping contribution from the spin pumping effect in YIG/Pt samples. From this data analysis it is then possible to determineg ↑↓ r , i.e. the transparency of the YIG/Pt interface for pure spin currents. Haertinger et al. findg ↑↓ r = 9.7 × 10 18 m −2 at room temperature, which is comparable to values obtained in metallic ferromagnet/NM heterostructures 183 .
The observation ofg 98 . Further experiments and optimization of the interface treatment increased the obtained values for YIG/NM interfaces [188] [189] [190] . Similar values have also nowadays been obtained for ferromagnetic perovskites 157 .
B. Electrically detected spin pumping
In electrically detected spin pumping experiments the goal is to detect the ISHE induced voltage in the NM generated from the pumped pure spin current across the interface as illustrated in Fig. 9(a) . In most experiments this is realized by attaching electrical connections to the sample and placing it into a microwave resonator within an static external magnetic field. Thus most electrically detected spin pumping experiments are using only one fixed microwave frequency 25 . The FMR signal of the sample is detected by exploiting the dispersive shift of the resonator at the ferromagnetic resonance. This can be achieved by measuring the reflected power of the resonator as a function of the applied external magnetic field. Most setups enhance the resolution by modulating the external magnetic field and using Lock-In detection techniques. Due to this field modulation the detected FMR signal is the first derivative with respect to the applied external magnetic field of the Lorentzian-shaped FMR absorption peak (See Fig. 9(b) ). The ISHE voltage from Eq.(6) consists of a DC and AC component. In the initial experiments only the DC part of this voltage was measured. For the AC component (oscillating with the FMR frequency/microwave frequency) additional inductive and capacitive crosstalk between microwave field or precessing magnetization makes it very difficult to unambiguously determine the spin pumping contribution to this voltage signal. In the realm of electrically detected spin pumping experiments, we carried out experiments on YIG/Pt bilayers on GGG substrates grown by pulsed laser deposition and in-situ Pt electron beam evaporation mounted in a 9.3 GHz microwave resonator as detailed in Ref. 191 . The results that we obtained for a YIG (46 nm)/Pt(7 nm) bilayer at 300 K are shown in Fig. 9(b) for the FMR signal and (c) for the DC ISHE voltage V DC . At the same external field value we observe the FMR of the YIG layer and a maximum in V DC . From V DC we extracted then ∆V SP as illustrated in Fig. 9 (c). As it is not possible to independently determine λ sf , α SH , andg ↑↓ r from just a single electrically detected spin pumping measurement, we combined the results obtained from spin Hall magnetoresistance and longitudinal spin Seebeck effect experiments to derive a universal set of λ sf , α SH , andg YIG/Pt bilayers. Initially, it was assumed that a great advantage in using MOIs in these experiments is that any rectification effects leading to additional DC voltage signals can be ruled out, which was a problem in metallic ferromagnetic layers. However, it is now clear that indeed additional rectification effects can be also present in MOI/NM samples, which originate for example from the spin Hall magnetoresistance. Thus, also in the case of MOI/NM samples the line shape of the V DC has to be carefully analyzed to extract the relevant contribution from spin pumping. Several groups have investigated electrically detected spin pumping in MOI/NM systems 135, [192] [193] [194] [195] [196] . For example, Wang et al. investigated electrically detected spin pumping in a variety of YIG/NM bilayers and by combining their results with spin Hall magnetoresistance measurements extracted the relevant spin transport parameters 197 . While the FMR is the fundamental collective spin excitation mode, further experiments and theoretical work showed that standing spin waves in the material excited by a microwave drive also lead to V DC signals 198 . One very elusive problem to experimentally tackle was the AC component of the ISHE voltage signal. First experiments tried to exploit parametric pumping of the FMR mode to move the FMR mode to higher frequencies 28 . However, as pointed out by Weileret al. not only inductive coupling to the microwave field leads to spurious AC contributions, but also the precessing motion of the magnetization itself in the MOI inductively couples AC voltages 28, 31, 32, 35, 40 . Despite these issues, it has been shown that this AC component is considerably larger than the DC part of spin pumping marking its relevance for future applications 40, 199 . In recent experiments we showed that the pure spin current allows to establish a dynamical coupling between a ferromagnetic MOI and a ferromagnetic metal, which allow to investigate high order standing spin waves in the MOI 200 . THz emission by spin pumping effects have been studied in metallic ferromagnets/NM bilayers 29, 33, [36] [37] [38] 42 , which makes similar experiments in MOI/NM promising 201 . The reciprocal effect, i.e. driving magnetization dynamics by a charge current in the NM have been already extensively studied as it allows for very interesting device applications 84, 85, [202] [203] [204] [205] . Initially, experiments focused on the influence of a charge current in the NM on the ferromagnetic resonance properties (changes in the Gilbert damping parameter α), for such experiments it is crucial to discern pure spin current effects from spurious contributions like thermal effects and Oersted fields generated by the charge current 206 . Taking the concept a step further, spin-transfer torque driven FMR experiments showed that indeed charge currents in the NM can drive magnetization dynamics 199, 202, 207, 208 . An intriguing application from these studies are spin Hall nanooscillators, where large localized charge current densities are needed to drive the MOI into auto-oscillations via the SHE generated spin current 209, 210 . Finally, experiments conducted on TmIG with perpendicular magnetic anisotropy showed that pure spin currents can also switch efficiently the magnetization orientation 138 similar to results obtained in metallic ferromagnets 84, 85, 88, 205 . Similar to the magnetization reversal in metallic heterostructures also in MOI the switching is driven by domain wall nucleation and propagation, such that interfacial Rashba and Dzyaloshinskii-Moriya interactions are also relevant to explain this effect 211 . In addition, pure spin currents can also very efficiently move domain walls [212] [213] [214] [215] and thus might also be used to move topological spin textures like skyrmions [172] [173] [174] [175] [216] [217] [218] .
V. LONGITUDINAL SPIN SEEBECK EFFECT
Another way of achieving an out-of-equilibrium condition for the magnetic order parameter can be realized by a thermal drive. This can be described using Eq.(3) and assuming that (T M − T N ) = 0 = 0 and µ mag = µ s (0) =ṅ = 0, i.e. there is a finite temperature difference between the magnonic system in the MOI and electronic system in the NM (We neglect here any thermally induced magnon accumulation and assume that in the NM the pure spin current is fully absorbed). The thermally driven spin current j s is then transformed into a charge current j q via the ISHE in the NM as illustrated in Fig. 10 . Under electrical open circuit conditions the generated j q is compensated by an electrical field, which can then be measured as a voltage drop V across the sample edges over the distance L. This then called the longitudinal spin Seebeck effect [47] [48] [49] 51, 52 . For the spin Seebeck effect two nice review articles have been published focused onto experiments by Uchida et al. 50 and theory by Adachi et al. 16 .
We can use a similar approach as for the spin pumping effect, to derive the necessary equations for the longitudinal spin Seebeck effect. First, the spin current flowing across the interface can be calculated straightforwardly from Eq.(3) by assuming µ mag = µ s (0) =ṅ = 0: Here, the relevant spin Seebeck parameter S can be expressed as 16, 17, 99, 191 S =g
when assuming a single parabolic magnon band dispersion hω k = Dk 2 in the ferromagnetic insulator, where k is the magnon wave vector and ω k is the corresponding magnon frequency. We neglect the contribution from the magnon band gap, which is a good assumption in case of YIG. Here, k B is the Boltzmann constant, ζ (x) the Riemann zeta function, D is the spin wave stiffness parameter, g J the Landé g-factor and µ B the Bohr magneton. j SSE s is then converted into a charge current in the NM and can then be detected as for an open electrical circuit boundary condition as a voltage V as illustrated in Fig. 10 . For this voltage we find in analogy to the case for electrically detected spin pumping:
We here included the backflow parameter η to account for any spin accumulation driven spin current backflow if the thickness t NM of the NM is comparable to the spin diffusion length λ sf . With these expressions at hand, we can now start to discuss experimental means to measure the longitudinal spin Seebeck effect.
A. Current reversal detection of spin Seebeck effect
Several means to generate the required out-of-plane temperature gradient have been used in the experiments. A very basic approach is to sandwich the sample between two heater blocks equipped with resistive heaters and thermometers 47, 48, [219] [220] [221] . This allows to very accurately determine the temperature gradient across the whole sample and control it by the power applied to the heaters. One important aspect to keep in mind in such experiments is that the substrate used for most multilayers is several orders of magnitude thicker than the thin films responsible for the signal. Thus most of the temperature gradient is picked up by the substrate and not by the thin films itself. A elegant solution is the usage of freely suspended thin film samples and meander shaped metallic strips as a resistive heater [222] [223] [224] 224 . However, the outof-plane temperature gradient for the longitudinal Seebeck effect is very tough to determine in such freely suspended structures. Another approach also successfully employed by our group is to an intense laser beam to locally heat up the sample 225 . Within the spatial resolution given by the laser spot size, such experiments allow to investigate for example the influence of magnetic domains and domain walls on the spin Seebeck signal. A direct measurement of the temperature gradient is nearly impossible in these optical experiments and only numerical simulations of the heat transport allow to get reasonable estimations of the achieved temperature difference 226 . Such simulations require for example good knowledge on the interface resistance for heat currents, which up to now is only well know for a very limited set of material combinations.
Over the course of our investigations of the longitudinal spin Seebeck effect, we established a measurement scheme, which utilizes a NM patterned into a Hallbar mesa on top of the MOI 227 . The idea is illustrated in Fig. 11(a) , while driving a charge current I d across the Hallbar, the transverse voltage V t is recorded as a function of the applied field orientation h (and the in-plane angle α with respect to j q ) and magnitude µ 0 H. To separate the thermal voltage V therm arising from the temperature gradient induced by Joule heating from the resistive voltage response V res due to the charge current drive, we utilize the fact that they behave differently upon reversal of charge current polarity. We thus measure V t (I + d ) for positive current bias polarity and V t (I − d ) for negative current bias polarity (the absolute value of the applied charge current remains the same). From these two measurements one can then calculate V therm as
and V res as
The advantage of this measurement technique is that it only requires equipment for electrical magnetotransport measurements and can be employed also quite easily in superconducting magnet cryostats. Of course the direct measurement of the temperature difference at the MOI/NM interface is not possible with this technique making quantitative measurements of S impossible. However, as the resistivity of the NM is simultaneously measured, one can use the NM resistance as a temperature sensor during the measurements. This works for example quite well with Pt as the NM as it exhibits a linear resistance versus temperature curve over a wide range of temperatures. Another important drawback to mention is that due to the temperature dependence of NM resistance the applied constant charge current leads to a variable heating power applied to the sample as a function of temperature, which has to be accounted for in the interpretation of the observed signals.
We exemplarily show in Fig. 11(b) and (c) the results we obtained for this technique in a YIG(61 nm)/Pt(11 nm) bilayer sample as presented in Ref. 227 . The Hallbar patterned into the blanket film by optical lithography and Ar ion beam milling has a width of 80 µm and a length of 800 µm. For the measurements the magnitude of the applied charge current was 10 mA and the sample was mounted in a superconducting magnet cryostat with a fixed sample temperature of 300 K. We first focus on the evolution of V therm as function of µ 0 H for the external magnetic field applied parallel to the charge current direction α = 0 • (see Fig. 11(b) ). V therm exhibits a hysteresis and a change in sign for large positive and negative external magnetic fields. This sign change for a reversal of is also visible in the measurements of V therm as function of magnetic field orientation α for µ 0 H = 1 T shown in Fig. 11(c) . Clearly, V therm has a cos(α) dependence. This can be rationalized by ISHE based detection of the thermally driven spin current across the interface. The spin orientation s of j SSE s is always aligned collinear to m. The direction of the transformed charge current by the ISHE thus also depends on the magnetization direction, as evident from Eq.(2). The voltage we detect due to the longitudinal spin Seebeck effect in the transverse contacts has a maximum, if the ISHE induced charge current is also flowing in the transverse y-direction, which is achieved for m oriented along x. If m is oriented along −x the direction of the ISHE induced charge current flow is also inverted and thus sign of V therm . These current induced spin Seebeck measurements allow in this regard to qualitatively compare magnetic field dependence and magnetic field orientation dependence from sample to sample and/or as a function of temperature. In the experiment it might be necessary to confirm Joule heating as the sole cause for the extracted V therm , which can be done by investigating the dependence of V therm on the magnitude of I d As already mentioned they do not allow to directly infer the spin Seebeck coefficient S from just these measurements.
While this technique allowed us to get a deeper understanding of the underlying physics for the longitudinal spin Seebeck effect in compensated iron garnets as detailed in the next subsection, we also want to briefly highlight other recent interesting discoveries in this field. First it is important to mention that spurious thermal voltages, for example originating from a proximity magnetized Pt layer at the MOI interface need to be account for in the longitudinal spin Seebeck effect 228, 229 . Several groups put forward symmetry arguments, which allow to disentangle the different thermal voltages 219, 230, 231 . By using a modulated laser power in optical heating experiments the time-dependence of the longitudinal 
B. Spin Seebeck effect in compensated garnets
As evident from Eq.(8) the spin current across the MOI/NM interface is influenced by the orientation of the order parameter n and the spin Seebeck coefficient S. The orientation of the spin-polarization s is then determined by n and the sign of S, while the magnitude j SSE s solely depends on S, and of course the temperature difference T M − T N between the magnons in the MOI and the electrons in the NM. We investigated this theoretical conjecture by studying the current induced longitudinal spin Seebeck effect in GdIG/Pt heterostructures published in Refs. 53, 250 . For a ferrimagnetic material, the relevant order parameter N is the Néel vector (In the simplified two sublattice model for the REIGs N = M RE − M Fe ) and not the net magnetization. From this we know that N inverts its orientation at T comp . This change in orientation of N in turn should lead in the experiment to a change in the voltage sign of the longitudinal spin Seebeck effect (see Eq. (8)).
Indeed, the results we obtained for a GdIG/Pt heterostructure grown on a (111)-oriented YAG substrate with T comp = 255 K compiled in Fig. 12 confirm this conjecture, but also added another important finding. From the field dependent current induced spin Seebeck experiments we find for large positive external magnetic fields (µ 0 H > 1 T) V therm < 0 for T > T comp as shown in Fig. 12(c) . For intermediate tem- peratures below T comp , we find V therm > 0 at large positive fields ( Fig. 12(b) ), but surprisingly a second sign change occurs for even lower temperatures V therm < 0 (Fig. 12(a) ). For angle-dependent current induced spin Seebeck experiments V therm (α) at µ 0 H = 2 T for comparable temperatures in Fig. 12(d) -(f), we also observe this double sign change. Here, V therm (α), has a cos(α)-dependence as expected for the longitudinal spin Seebeck effect 227 and the amplitude V SSE changes its sign. In both measurements, we utilized the Pt resistance measured simultaneously as an on-chip temperature sensor to determine the sample temperatures given here.
To further investigate the occurrence of these two sign changes in the spin Seebeck voltage, we conducted V therm (α) measurements at various temperatures and extracted V SSE for each measured temperature. From these measurements we then extracted V SSE (see Fig.12(d) )and calculated the spin Seebeck current I SSE = V SSE /R Pt , where R Pt is the Pt resistance for each temperature, to correct for the temperature dependent change of R Pt in our measurements. The extracted temperature dependence of I SSE is shown in Fig. 13(b) and compared to the temperature dependence of the magnetization for the very same sample in Fig. 13(a) . I SSE exhibits two sign changes at T sign1 and T sign2 . T sign1 agrees reasonably well with the compensation temperature T comp from magnetometry measurements ( Fig. 13(a) ). The second sign change T sign2 at lower temperatures is clearly not related to any changes in the temperature dependence of the magnetization.
Two contributions account for the observation of T sign1 and T sign2 . As already explained T sign1 close to T comp is explained by the inversion of N at the compensation temperature and also explains the abrupt temperature dependence of I SSE in this temperature regime. The low temperature T sign2 can be explained by taking into account the contributions of two different magnon bands to S 49 : a gapless parabolic magnon band (dominantly spin excitations at the iron sites, α-mode), which is thermally occupied at all temperatures, and a gapped optical magnon mode (dominantly spin excitations at the gadolinium sites, β -mode), which is only populated at higher temperatures (below T sign2 ). This simple model takes into account only the lowest energy magnon branches of REIGs and assumes that these two modes contribute differently and with opposite sign to S, which could be rationalized by the s-d and s-f coupling being relevant for the spin current flow across the interface for the α-mode and β -mode, respectively. The results of these calculations for I SSE are shown in Fig. 13(c) with an about 1 order of magnitude lower efficiency for the gaped optical mode as detailed in Ref. 53 . The simulation can nicely explain the observed temperature-dependence of GdIG thin films. Our results highlight the importance of the magnonic bandstructure for the spin Seebeck effect and confirm that in a magnetically ordered system with multiple magnetic sublattices, the individual contribution of each sublattice to the longitudinal spin Seebeck effect can be quite different. One should also emphasize that these experiments provide evidence for the existence of these two magnon bands, which were previously only detectable by neutron scattering and inelastic light scattering experiments.
Taken all together, the investigation of the longitudinal spin Seebeck effect in MOI/NM bilayers has helped to push for more sophisticated theories and experiments and thus to increase the knowledge on the underlying physics. Still many open questions need to be addressed in future especially investigating the longitudinal SSE in MOIs with a more complex spin order, like for example chiral or even topological spin textures, or with engineered magnonic properties. 
VI. SPIN HALL MAGNETORESISTANCE
In the previous two sections we discussed the effects of a non-equilibrium state of the magnetic order parameter, which in turn drives a pure spin current across the MOI/NM interface into the NM. In the following we will look into phenomena arising when one drives a charge current through the NM and generates a pure spin current flowing towards the MOI/NM interface. This gives rise on the one hand to the spin Hall magnetoresistance (SMR), i.e. the NM resistance depends on the orientation of the magnetic order parameter N in the MOI. On the other hand, it allows to investigate pure spin current transport via magnetic excitation quanta in all-electrical experiments (see Section VII).
For both phenomena we need to understand the boundary conditions imposed to the pure spin current flow across the interface by the orientation of N with respect to the spin polarization s (The orientation of s is fixed by the direction of j q and the flow direction of j s towards the interface). If we assume µ s (0) = 0, due to the spin accumulation generated by the SHE (see Fig. 2(a) for the spin accumulation), while putting µ mag =ṅ = (T M − T N ) = 0 we obtain from Eq.(3) the following expression for the pure spin current j el s across the MOI/NM interface:
There are two contributions to j el s . The first term depends on the spin mixing conductanceg ↑↓ , which remains finite even for T = 0. In contrast the second term is governed by the spin convertance g, which vanishes for T = 0. From theoretical calculations one can also estimate that g = 0.06g ↑↓ r for YIG at room temperature, such that one can safely assume |g ↑↓ | g 99 (Although it would be very interesting to find a way to go over to the opposite regime, where the spin convertance dominates). Moreover, we see directly from Eq.(13) that the first term vanishes, if n s and the second term is zero for n ⊥ s. Thus, by controlling the orientation of N one can switch between two different conditions for the pure spin current transport as illustrated in Fig. 14. If n s as shown in Fig. 14(a) only the term with g contributes to the spin current across the interface. For n ⊥ s only the term withg ↑↓ is relevant for j el s as illustrated in Fig. 14(b) . Due to the fact that |g ↑↓ | g, the pure spin current across the interface is much larger for n ⊥ s than for n s (at T = 0, j el s = 0 for j el s ). The finite spin current flow across the interface reduces the spin accumulation in the NM at the MOI/NM interface. In the NM the flowing spin current is carried by the angular momentum of the mobile charge carriers, which leads to an effective increase in the path they have to traverse for contributing to the charge current flow along the x-direction and in this way also increases the resistance in the NM. Thus, the larger j el s = 0 the larger the resistance increase. From this discussion it follows that for n s the resistance of the NM is smaller than for n ⊥ s. This is the spin Hall magnetoresistance.
For the further theoretical discussion of the SMR, we now assume that g = 0, which is a good approximation for the ma-terials investigated. In addition, we now use the coordinate system defined by the charge current direction j, the surface normal z and the transverse direction t = z × j (see Fig. 15(a) ). As the theoretical framework describing the SMR has been nicely described by Chen et al. in Refs. 55, 59 , we here focus only on the obtained results from these spin-diffusive transport calculations. For the longitudinal resistivity of the NM ρ long one then obtains 55, 59 ρ
where n t = (N/N)·t is the projection of the magnetic order parameter direction onto t (see Fig. 15(a) ), ρ i are the resistivity parameters describing the SMR in the NM. In addition, one can also determine the transverse resistivity ρ trans measured along the t-direction as 55, 59 ρ trans = ρ 2 n z + ρ 3 n j n t ,
with n j , n z the projections of n onto j and z, respectively. The term with ρ 2 represents an anomalous Hall 76 type contribution from the SMR to ρ trans , while the second term is the transverse resistivity analogue to the ρ 1 parameter for ρ long . Thus, the theoretical description predicts ρ 1 = ρ 3 .
For the the SMR ratio ρ 1 /ρ 0 one writes forg
:
Here, ρ NM is the resistivity of the NM. The SMR ratio is proportional to α 2 SH . For α SH ≈ 0.1, we expect an SMR ratio of the order of 1%. Moreover, Eq.(16) allows to determine |α SH | and λ sf of the NM, if the SMR is measured as a function of the NM thickness and the spin mixing conductance is known 54, 58 . However, the sign of α SH can not be determined due to the scaling of the SMR with α 2 SH . For the anomalous Hall type contribution the theoretical calculations obtain for ρ 2 /ρ 0 in the limit ofg
This expression is quite similar to the SMR ratio, but scales withg
From theory and experiment, we now know that the imaginary part of the spin mixing conductance is about 2 orders of magnitude smaller than its real part 54, 98, 251 .
From Eqs. (14, 15) we find that the SMR leads to a characteristic magnetization orientation dependence for ρ long and ρ trans . This allows to uniquely identify the SMR in a magnetotransport experiment as detailed in the following subsection.
A. Spin Hall magnetoresistance in angle-dependent magnetotransport experiments
The first experimental observation of the SMR has been reported by us for a YIG/Pt heterostructure in the Supplements of Ref. 225 , but it required some more time to find a suitable way to discern the SMR from other spurious effects like an anisotropic magnetoresistance generated by a proximity magnetization induced by the MOI into the NM 228 . A very helpful approach in this regard are angle-dependent magnetoresistance (ADMR) experiments 252 . In these experiments the magnetic field orientation h is rotated with fixed magnetic field magnitude µ 0 H with respect to the sample and the longitudinal and transverse resistivities are measured simultaneously. For large enough magnetic fields compared to magnetic anisotropy contributions in a ferromagnetic MOI the magnetization direction m (corresponds to the magnetic order parameter n) is always aligned to the external magnetic field orientation, such that one can safely assume h m. In our experiments we now use three orthogonal rotation planes for h in the j,t,z coordinate system as illustrated in Fig. 15(a),(b) , and (c), the spin polarization s is then oriented along t. For the in-plane (ip) rotation, h is rotated in the j-t-plane (angle α, Fig. 15(a) ), for the out-of-plane perpendicular to j (oopj) rotation, the magnetic field is rotated in the t-z-plane (angle β , Fig. 15(b) ), and for the out-of-plane perpendicular to t (oopt) rotation, the magnetic field rotation plane is the z-j-plane (angle γ, Fig. 15(c) ). Evaluating the measured angle-dependence allows then to analyse the relevant projections of m contributing to the resistivities. For the SMR this allowed to clearly discern this effect from an anisotropic magnetoresistance effect, as detailed in Refs. 54, 56 .
We here show in Fig. 15 the ADMR results obtained for a PLD grown YIG layer deposited onto a (111)-oriented GGG substrate interfaced in-situ with a 3.5 nm thick Pt film deposited by electron beam evaporation at T = 300 K and µ 0 H = 1 T taken from data from Ref. 54 . We start the discussion with the results obtained for the longitudinal resistivity ρ long as shown in the panels (d)-(f) in Fig. 15 . For the ip rotation in Fig. 15(d) , ρ long exhibits a cos 2 (α) dependence with maxima for h j (α = 0 • ) and h −j (α = 180 • ), and minima for h −t (α = 90 • ) and h t (α = 270 • ). This agrees with our prediction for the spin current flow across the interface. If h is collinear with the current direction j, m is perpendicular to s and a large interfacial spin current flows across the interface due to spin-transfer torque, which then leads to an increase in the NM resistance. The opposite is true for h collinear to t, now m is parallel to s and thus only a very small interfacial spin current flows and thus a lower resistance state is achieved. In the oopj rotation plane (Fig. 15(e) ), ρ long (β ) has a cos 2 (β ) dependence, with maxima located at h z (β = 0 • ) and h −z (β = 180 • ) and minima at h −t (β = 90 • ) and h t (β = 270 • ). This is again in agreement with our qualitative model of the SMR: maximum in resistance for m ⊥ s and a minimum in resistance for m s. Finally, for the oopt rotation, we do not observe any angular dependence, which is in line with our theoretical expectations of the SMR. In this rotation plane m is always perpendicular to s, independent of γ, such that one expects to always obtain the high resistance state, which is clearly observed in the experiment.
For the transverse resistivity ρ trans we observe in the ip rotation a cos the oopj and oopt rotation plane we see only a very weak angle dependence consisting of a cos(β /γ) and a cos 3 (β /γ) contribution, as reported in Ref. 251 . The ordinary Hall effect of very thin Pt layers is rather small such that this cos(β /γ)-dependence does not dominantly contribute in our measurements.
The fact that our SMR model completely and quantitatively describes the measured data is illustrated by the excellent agreement between the experiment (symbols in the graphs) and an simulation of the data (olive line in the graphs) using Eqs. (14, 15) and the very same ρ i parameter for all rotation planes. This further confirms that the SMR is the sole cause for the magnetoresistance of the YIG/Pt sample. From this fit we extract a SMR amplitude ρ 1 /ρ 0 ≈ 1.4 × 10 −3 , which is one of the largest values found for the SMR in MOI/NM systems 54 . We attribute the large SMR in these samples to the in-situ preparation of the MOI/NM interface, which leads to a large spin mixing conductance, and the large spin Hall angle of Pt used in or experiments 191 .
Over the course of the last years several groups have reproduced our results on YIG/Pt heterostructures 57, 58, 253 . The SMR was also observed in other MOI materials interfaced with a NM, confirming the universal nature of this effect 54, 60, [63] [64] [65] [66] [67] 138, [254] [255] [256] and in different YIG/NM structures 58, 257 . Furthermore, it has been used to experimentally investigate the spin Hall and spin transport parameters using magnetotransport experiments 54, 191, 258 . Magnetoimpedance and noise spectroscopy experiments suggest that the SMR is also relevant at charge current frequencies of several MHz 259, 260 . In addition, recent experiments have shown that the SMR is quite sensitive to the magnetic moment orientation at the interface, making it sensitive to magnetic frustration 261 .
While the initial theory of the SMR does not predict dependence on the magnetic field magnitude (neglecting any contributions from magnetic anisotropy), new experiments observe a field dependence, which can be tuned by the interface preparation methods. To explain this effect Velez et al. have put forward the Hanle magnetoresistance, which accounts for additional spin dephasing of the spin accumulation at the NM interface 261, 262 . In principle, this effect should also persist in just a thin layer of the NM, but since in thin films spin-flip scattering processes at the interface is a dominant contribution, this could also lead to an additional field dependence.
It is worth mentioning that the SMR also now seems to account for the unusual ADMR dependence in thin film heterostructures of metallic ferromagnets and NMs 263, 264 , where the symmetry of the SMR was first observed in the experiments by Kobs et al. 265 . In these metallic bilayer systems even larger values of the SMR have been reported reaching values of a few percent 263, 264 . In these metallic multilayers quite often also oxide interfaces are introduced, which might also play an important role for the magnitude of the SMR effect or additional contributions from this oxide interface, like the spin galvanic effect, may then help to increase the magnetoresistance effect. A very intriguing effect observed in these metallic bilayer systems is the unidirectional SMR, where the resistivity is different for the magnetization being parallel or antiparallel aligned to the charge current flow direction 266 . So far it seems that the unidirectional SMR manifests itself only in metallic ferromagnet/NM heterostructures and not in MOI/NM systems.
From the theoretical side, it is proposed already in the initial work by Chen et al. that the SMR can be further enhanced by interfacing the NM with MOIs on both interfaces, which should also give rise to some spin-valve effects if the two MOIs have different coercive fields 55 . Another interesting aspect is the formulation of the SMR in terms of a quantum tunneling phenomena 267 , where a characteristic thickness dependence for the SMR has been predicted for the case of MOI/NM and an oscillating behaviour of the SMR amplitude for all metallic systems.
B. SMR in compensated rare-earth garnets
In the first experiments on the SMR, YIG was mainly used as the MOI, which has a ferrimagnetic ordering as mentioned in the materials section (Sec. III). In this regard, the first theoretical model also only included the magnetization orientation as the relevant orientation in the MOI for the SMR. A main open question thus was wether each magnetic moment/sublattice in the MOI at the interface contributes individually to the SMR or if it is enough to just use the net magnetization direction to describe the SMR. We used ADMR experiments with compensated REIGs as the MOI and Pt as the NM to find an answer to this relevant question. As detailed in the publication by Ganzhorn et al. 62 , we used (In,Y)GdIG in our experiments since it allows to get experimental access to the spin-canting phase (See Section III) in a temperature range well below room temperature. As already discussed the relevant order parameter N in these REIGs is not the net magnetization, but the Néel vector. In the ferrimagnetic phase the net magnetic moment direction and the Néel vector are collinear to each other and to the external magnetic field (see Fig. 16(a)  and (b) ). Thus in the ferrimagnetic phase it is not possible to figure out, which of the two vectors is the relevant contribution to the SMR, since the SMR is 180 • symmetric (see Fig. 16(c) ). However, upon entering the spin-canting phase the net magnetic moment will still be aligned parallel to the external magnetic field, while the Néel vector is aligned to the external magnetic field with a finite angle between 0 • and 180 • (see Fig. 16(d) and (e) for perpendicular alignment to the external field). This then allows to experimentally verify, which of these two vectors is relevant for the SMR effect (compare Fig. 16(c) and (f) ). It is important to understand that if only one single magnetic domain would persist in the spincanting phase, ADMR measurements at different magnetic fields would yield a continuous phase shift of the SMR signal, i.e. the position of maxima and minima in ρ long would contin- uously shift to a different angle position. From our discussion in Sec. III, we saw that spin-canting leads to the formation of magnetic domains. If one includes multiple domains into the corresponding SMR response, one finds that the phase shift of the SMR vanishes as it is counteracted by the different magnetic domains with mirrored sublattice orientations, but still the amplitude of the SMR should undergo a sign change as in Fig. 16(f) . The maximum negative amplitude is achieved when the Néel vector is aligned perpendicular to the external magnetic field. In the ADMR experiment 62 we found a sign inversion of the SMR amplitude in the spin-canting regime as detailed in the following. As a first step to confirm this change in the ADMR response, we compared the temperature dependent results obtained for a YIG(40 nm)/Pt(4 nm) bilayer to a (In,Y)GdIG(61.5 nm)/Pt(3.6 nm) sample both grown on (111)-oriented YAG substrates as shown in Fig. 17 . The compensation temperature for the (In,Y)GdIG sample was determined from magnetometry measurements to be at T comp = 85 K. At T = 300 K the ADMR response of the YIG (Fig. 17(a) ) and the (In,Y)GdIG (Fig. 17(d) ) is qualitatively the same with the maxima and minima of ρ long at the expected positions. For T = T comp , the SMR in the YIG sample ( Fig. 17(b) ) is opposite to the one obtained for (In,Y)GdIG (Fig. 17(e) ). While for the YIG sample only the amplitude of the SMR has changed, in (In,Y)GdIG we now find a negative SMR amplitude with maxima in ρ long at α = 90 • and α = 270 • , and minima in ρ long at α = 0 • and α = 180 • . Thus the SMR response is shifted by 90 • with respect to the YIG/Pt sample. For even lower temperatures T = 10 K, the ADMR data is again qualitatively identical for YIG/Pt and (In,Y)GdIG/Pt. This is in agreement with the expected phase diagram of the spin-canting phase in (In,Y)GdIG (compare Fig. 6(b) ) as the applied external magnetic field µ 0 H = 7 T is too small to enter the spin-canting phase at low temperatures. From these experiments we see that the SMR changes its sign for temperatures close to the compensation temperature of (In,Y)GdIG. For a further investigation of temperature vs. magnetic field SMR phase diagram, we conducted further experiments in the high-field magnet laboratory in Grenoble for µ 0 H ≤ 29 T. The results are shown as a color map in Fig. 18 . In this plot we find a cone-shaped area around the compensation temperature (T = 85 K), for which the SMR amplitude has a negative sign. The boundaries of this negative SMR phase (SMR amplitude equal to zero), seem to be in a reasonably well agreement with the phase diagram of the spin canting phase numerically simulated from a mean-field model (Fig. 6(b) ). In Ref. 62 , we also conducted additional XMCD measurements on the very same sample to confirm the existence of the spin-canting phase and the phase boundaries from an independent experiment. Thus, we have shown that the SMR changes its sign within the spincanting phase of a compensated REIG. The sign change may be explained by multiple magnetic domains with mirrored orientations of the Néel vector, as discussed before. Another possibility is that each magnetic moment contributes individually to the SMR and this leads to the SMR sign change in the spin-canted phase. As the imaging of the magnetic-domains with different sublattice orientations in the spin-canted phase is very challenging, as the net magnetization in each domain is identical, it will be very tough to figure out, which of the two interpretations is the correct one. We focused here on the results obtained for only the ip rotation. However, Dong et al. reported on the evolution of the ADMR signal for oopj and oopt rotation planes 268 . In these configurations, magnetic anisotropy contributions play a crucial role for the selection of magnetic domains, which leads to a more complex angle and field dependence and makes a quantitative analysis very challenging.
C. SMR in the spin-flop phase of an antiferromagnetic MOI
Initially, the SMR was only investigated in MOIs with ferro/ferrimagnetic order. In recent years, there were also in-vestigations of the SMR in antiferromagnetic MOIs. Similar to the SMR in compensated garnets in the spin canting phase, one finds an inversion of the regular SMR amplitude in ADMR experiments for external magnetic fields larger than the spin-flop field. This effect is explained by the fact that in the spin-flop phase the magnetic order parameter N is not collinear to the external magnetic field direction, but encloses a finite angle with it. Due to the degeneracy, the formation of magnetic domains is preferred, especial as now the two sublattices are indiscernible from each other. In the ADMR measurements for the SMR detection we use an external magnetic field to control the orientation of N, thus for antiferromagnetic materials it is necessary to work in the field range close to and above the spin-flop transition, which limits the choice of materials. One possible candidate to investigate this effect is NiO. In the following we discuss the results of our group obtained for NiO films grown by PLD onto (0001)-oriented sapphire substrates with in-situ Pt layers on top of the NiO 68 . In Fig. 19(a) we show the ADMR response of ρ long and ρ trans obtained for a NiO(120 nm)/Pt(3.5 nm) sample at T = 300 K and µ 0 H = 17 T. Similar to the results obtained in the compensated REIGs, we find an inversion of the SMR amplitude as compared to YIG/Pt, with minima in ρ long at α = 0 • and α = 180 • , and maxima in ρ long at α = 90 • and α = 270 • . This finding can be explained by the fact that the magnetic order parameter in the spin-flop phase of the antiferromagnet encloses an angle of 90 • with applied external magnetic field and thus leads to a shift of the AMDR response by 90 • (see Fig. 16(f) ), as the resistivity is recorded with respect to the applied magnetic field orientation.
In a next step we analyzed the magnetic field dependence of the SMR in the NiO/Pt sample by extracting the SMR amplitude from ADMR measurements conducted at various magnetic fields. The results of this procedure are shown in Fig. 19(b) . With increasing magnetic field, the SMR amplitude gradually increases and seems to saturate for very high fields. As detailed in the publication by Fischer et al. we model the magnetic field dependence by taking into account the multidomain state of the NiO caused by three equivalent magnetocrystalline anisotropy axes present in the plane of the NiO and the nucleation of these domains by magnetoelasitc coupling. Using this model not only allows to quantitatively explain the SMR response in the NiO layer, but also to determine the magnetoelastic coupling strength for this antiferromagnetic compound.
It is worth mentioning that especially in the field of antiferromagnetic MOIs other groups have already achieved similar results or reported them at the same time then our group [63] [64] [65] [66] [67] . Here, the work by Hanet al. was the first that reported on the investigation of the SMR in the antiferromagnetic MOI SrMnO 3 , where also a sign change of the SMR was observed compared to MOIs with ferro/ferrimagnetic order 63 . However, Han et al. could not give a reasonable explanation for the occurrence of this sign change. From our results, the work of Hoogeboom et al. and Ji et al. it is now clear that also in the antiferromagnetic MOIs magnetic domains are relevant in the spin-flop phase and have to be accounted for by the model that describes the magnetic field dependence of the SMR amplitude 64, 65, 68 .
A further step into underlining the importance of the SMR for investigating complex magnetic structures was the work by Aqeel et al., where the SMR in a MOI with chiral magnetic order was studied 60, 61 . However, a detailed analysis requires a sophisticated model, which takes into account the formation of magnetic domains and interaction with magnetic anisotropy effects in these chiral systems.
Taken all together over the course of the last few years the SMR has established itself as a very versatile technique to even study complex magnetic ordering phenomena with interface sensitivity. Moreover, it is now clear that magnetic domains are crucial in understanding the SMR response in multidomain magnetic systems, and have to be accounted for in any quantitative modeling. Combined with other methods like the current heating induced longitudinal spin Seebeck effect, this provides means to study magnetic order in MOIs by only using magnetotransport experiments.
VII. ALL-ELECTRICAL MAGNON TRANSPORT EXPERIMENTS
Last but not least, we now focus onto the all-electrical detection of magnon transport by the SHE and ISHE. Magnon transport was previously mostly investigated by spatially re-solved inelastic light scattering and/or inductive magnon generation and detection mechanisms [269] [270] [271] . The main advantage of the all-electrical SHE based approach is that it only requires magnetotransport setups for investigating spin excitation transport in the MOI and does not require sophisticated microwave and optical equipment.
As shown in Fig. 20 a minimal device to investigate this effect consists of two NM strips (injector and detector) on top of the MOI. In the injector strip a charge current density j q,in is driven through it by applying a charge current bias I d to it. As already discussed the pure spin current generated by the SHE leads to spin accumulation with spin polarization s at the interface. As N and s are collinear to each other, the spin current across the interface is governed by the spin convertance g 69, 70, 272 . The inelastic electron-magnon scattering at the interface leads to the generation or absorption of magnons in the MOI. In the end, this also leads to a magnon accumulation (depletion) in the MOI at the NM/MOI interface underneath the injector strip. This magnon accumulation then diffuses on the length scale of the magnon diffusion length λ mag into the MOI. The diffusing magnons can then be detected in the second, separate NM detector strip. The magnons arriving at the second NM strip inject a pure spin current j s,det into the NM. By means of the inverse spin Hall effect this pure spin current is then transformed into a charge current j q,det and can then be electrically detected as an open circuit voltage V nl . For the first experimental observation, yttrium iron garnet (YIG) grown via liquid phase epitaxy (LPE) has been used as the MOI as it features a rather long magnon diffusion length. The long diffusion length in this material allows to use lateral device schemes in the experiment as illustrated in Fig. 20 . For shorter λ mag one can then use vertical transport designs, where the MOI is sandwiched between two NM layers 273 .
For the modeling of the interface transport we now need to account for µ s (0) = µ mag = (T M − T N ) = 0, while usingṅ = 0 in Eq.(3), model the magnon diffusion in the MOI and account for the heat current transport by magnetic excitations in the MOI 99 . Due to the diffusion process of magnons in three dimensions it is not possible to give analytical expressions for the detected V nl . Even reducing the diffusion to one dimension gives a rather lengthy expression for V nl , which we omit here and refer the interested reader to Refs. 69, 70, 99, 272 for more details onto these calculations and numerical solutions to the diffusion problem. It is important to understand that V nl originates from two contributions in the injector, a first contribution from the SHE induced spin accumulation by the charge current (odd with respect to charge current polarity), and a second contribution originating from the Joule heating of the injector by the charge current (even with respect to charge current polarity).
Due to the fact that the charge current j q,in through the injector strip not only leads to a spin accumulation at the interface, but also to a temperature gradient and heat transport due to Joule heating, one needs to find means in the experiment to single out these two contributions to V nl . In our experiments we use a current reversal method to separate these two effects. A DC charge current I d is applied to the injector and we record the local voltage V loc and V nl for both current Two NM strips are in contact with a magnetically ordered insulator. A charge current j q,in flowing in one strip generates an electron spin accumulation due to the spin Hall effect in the NM. If the magnetic order parameter N and the spin orientation s of the spin accumulation are collinear, due to inelastic electron-magnon scattering at the interface the electron spin accumulation is also causing a magnon accumulation underneath the NM injector strip. The magnons diffusive away from the injector strip. At the second NM detector strip, the magnons transfer angular momentum into the NM strip by injecting a pure spin current j s,det along the surface normal. This pure spin current is then transformed into a charge current j q,det via the inverse spin Hall effect. As open electric charge circuit boundary conditions are imposed, an electric field is generated, which counteracts the generated charge current and allows to detect the transport of magnons as a non-local voltage V nl in the second strip. (12,11) , we determine from these measurements the resistive response V loc,res and V nl,res and the thermal response V loc,therm and V nl,therm 72 . Contributions from the spin accumulation are visible in the resistive response and contributions from the Joule heating are in the thermal response. One should note that one can also use a sinusoidal modulated AC I d with a fixed frequency and then use Lock-In detection on the first and second harmonic signal of V nl to obtain the resistive and thermal response of V nl , as for example done by Cornelissen et al. 71 .
We first focus on the local and non-local resistive response V loc,res and V nl,res in ADMR measurements. For our first set of experiments we used 10 nm thick Pt strips with a width w = 500 nm, a length of 100 µm and an edge-to-edge separation of d = 200 nm deposited onto a 3 µm thick LPE YIG layer at T = 300 K. For these measurements we rotated the external magnetic field with a fixed magnitude µ 0 H = 2 T in the three orthogonal rotation planes ip, oopj and oopt as illustrated in Fig. 21(a)-(c) .
For V loc,res we observe the ADMR fingerprint of the SMR (see Fig. 21(d)-(f) ). For h j and h z we find a maximum in V loc,res and for h t a minimum in V loc,res . As explained in the previous section this change in the injector resistance can be explained by the change in the pure spin current across the in- terface due to the orientation of the magnetization with respect to s. For field rotations in the ip and oopj rotation planes, we observe an angle-dependence of V loc,res , while V loc,res is constant for a field rotation in the oopt plane. This is the local SMR with an relative amplitude of 4 × 10 −4 as expected for a YIG/Pt heterostructure. From this we can conclude that the interface is transparent enough for pure spin current transport across it.
In case of the non-local voltage shown in Fig. 21(g)-(i) we observe a qualitative similar angle-dependence as for the local voltage. However, a closer look reveals that for h j and h z V nl,res = 0, and for h t V nl,res < 0. Thus we only observe a resistive non-local signal in the detector strip if the external magnetic field is not aligned collinear to the surface normal or the charge current direction. This is in agreement to our model for the spin current flow across the interface, as only for a non vanishing projection of the order parameter N in the MOI onto the spin polarization direction s of the electron spin accumulation in the NM inelastic scattering processes lead to magnon accumulation underneath the detector strip and the diffusion of magnons is detected at the same time via the ISHE in the detector strip. The negative sign we observe is consistent with the reciprocity of the SHE and ISHE in the Pt layer, as the charge current j q,det induced in the detector strip due to the injected spin current by the magnons is flowing in the same direction as j q,in (compare Fig. 20) , thus the electrical field counteracting the charge current is oriented in the opposite direction and the detected open circuit voltage is negative. Similar to the SMR, we find an angle-dependence of V nl,res for the ip and oopj rotation planes of our ADMR experiments and no angle dependence for the oopt rotation plane. The observed symmetry agrees with our phenomenological expectation of the all-electrical detection of magnon transport via SHE and ISHE.
Similarly, one can look into the local and non-local thermal response, which is simultaneously measured by the current reversal method we use in these measurements 227 . The results obtained for the very same sample in the same measurement runs as in Fig.21 are depicted in Fig. 22 .
For the local response we expect to observe for the ip rotation a sin(α)-dependence of V loc,therm and for the oopj rotation a sin(β )-dependence. For the oopt rotation plane we predict no angle-dependence from our model for the current heating induced spin Seebeck effect (See Section V). Indeed, in Fig. 22(a) and (b) we find for V loc,therm a sinusoidal angle-dependence for the ip and oopj rotation plane. No angle-dependence is observed for the oopt rotation plane in Fig. 22(c) . The extracted amplitude ∆V nl,therm = 6.2 µV for the angle-dependence of the ip and oopj rotation. This amplitude is comparable to the results obtained from current heating induced experiments in YIG/Pt heterostructures (see Fig. 11 ), if one accounts for the higher charge current densities originating from the smaller width of the Pt strip in the experiments here. In addition, a comparable offset signal is visible in V loc,therm , which originates from additional thermal voltages, like for example Seebeck contributions from the electrical contacts to the sample, and quite possibly an additional voltage offset of the voltmeter.
The thermal non-local voltage exhibits the very same angledependence for the three orthogonal rotation planes investigated in the experiment. We find an amplitude ∆V nl,therm = 450 nV, which is about an order of magnitude smaller than the local amplitude in the injector. For the non-local spin Seebeck voltage two contributions need to be accounted for. On the one hand the thermally generated magnon accumulation, described by the magnon chemical potential µ mag in the MOI. On the other hand, heat transport in the MOI can also cause a finite temperature difference at the interface between NM detector and MOI. Both of these contributions give the very same angular dependence and can thus not be separated from just one ADMR measurement.
For both non-local responses V nl,res and V nl,therm we extracted the voltage amplitudes ∆V nl,res (compare Fig. 21(g) ) and ∆V nl,therm (compare Fig. 22(d) ) for the ip ADMR measurements as a function of the edge-to-edge separation d. We plotted both quantities as a function of the edge-to-edge separation d for T = 300 K and µ 0 H = 1 T for another YIG/Pt sample, with identical dimensions for the Pt strips, but only a thickness of 2 µm for the LPE YIG layer in Fig. 23 .
For ∆V nl,res we find a monotonic decrease with increasing d. Fitting the edge-to-edge separation dependence with an exponential decay function (∝ exp(−d/λ mag,res )), we obtain the effective magnon diffusion length λ mag,res = 220 nm. It is important to keep in mind that in the all-electrical SHE and ISHE based magnon transport experiments one does not selectively excite magnetic excitations with a defined wavelength and wave vector, but rather excites all thermally available modes. Thus the measured diffusion length is only an average over all thermally available modes. As λ mag is dependent on the qvector of the magnon, one would expect to find different decay constants in the d-dependence of |∆V nl,res |. However, as a multitude of magnons may contribute to the non-local signal and as we are limited in the spatial resolution of our experiment, we do not observe such an effect here. However, at larger d the single exponential decay fitted to the data seems to be not enough to describe the obtained data and at least a second contribution with a longer diffusion constant may be required. Similar findings have been reported by Cornelissen et al. 275 and Shan et al. 276 .
The thermal signal amplitude also decreases with increasing distance, but for d > 3 µm, we observe a sign change in the non-local thermal voltage. As nicely explained by Shan et al. 276 and Ganzhorn et al. 277 this sign change originates from the finite thickness of the MOI, which influences the distribution of the magnon chemical potential introduced by the thermal gradient at the injector and leads to a sign change either as a function of the MOI thickness for fixed d or to a sign change of ∆V nl,therm as a function of the edge-to-edge separation d for a fixed thickness of the MOI. This observed sign change highlights the importance of the magnon chemical potential for the non-local thermal voltage, as the thickness of the MOI is relevant for the critical d-value, where ∆V nl,therm crosses 0. This length scale is only relevant for magnons. Heat transport by phonons is also possible in the substrate and thus a much larger thickness value would play a role there. Similar to the resistive response one can fit the d-dependence with an exponential decay function (∝ exp(−d/λ mag,therm )) and obtains a value for the thermal magnon diffusion length λ mag,therm = 410 nm.
Given the very simplistic approach by fitting with just an exponential decay function for describing the diffusive process in the MOI, we get reasonable agreement between λ mag,res and λ mag,therm . This underlines the importance of the magnon chemical potential to describe the diffusion process for both resistive and thermal response of the non-local voltage signal. As ∆V nl,therm is nearly an order of magnitude larger as ∆V nl,res for a given d it is also possible to investigate V nl,therm for much larger values of d, while we are limited to shorter values for d for V nl,res as we are approaching the noise limit of our setup there much sooner. This might also explain the different values we obtain for the magnon diffusion length for the resistive and the thermal non-local response.
Another important aspect is the temperature dependence of the non-local voltage, which confirms the postulated origin of it. We here focus on the results obtained for V nl,res published in Ref. 72 . In Fig. 24(a) we compare the local SMR response normalized to the SMR value at 300 K to the normalized non-local ∆V nl,res (T )/∆V nl,res (300 K) values as a function of temperature. For the local SMR signal, the SMR decreases with decreasing temperature and is reduced by 30% from 300 K down to 10 K. For the non-local voltage measured at d = 100 nm we also observe a decrease with decreasing temperature, but the signal is decreased by more than 2 orders of magnitude from 300 K down to 10 K. This drastic difference in the local and non-local temperature dependence is explained by the different processes at interface relevant for the SMR and the non-local resistive voltage. For the SMR the relevant spin current across the interface is determined by the spin-mixing conductanceg ↑↓ r , which has only a weak temperature dependence and remains finite for T = 0. In this case inelastic electron scattering processes at the interface are most relevant for the occurrence of SMR. In contrast, for the non-local resistive voltage ∆V nl,res the spin cur- rent across the MOI/NM interface is given by g, which varies as T 3/269,70 and vanishes for T = 0. For the non-local effect, inelastic electron scattering processes at the MOI/NM interface are relevant, which are suppressed for T = 0. The blue line in Fig. 24(a) is a T 3/2 simulation for the non-local data obtained for T ≤ 50 K, which can very well describe the observed temperature dependence and confirms that our model based on pure spin current transport across the interface is correct.
The temperature dependence of V nl,therm is much more complex and presently not fully understood over the whole temperature range investigated. Results from our measurements are published and discussed in Ref. 277 . Here, the temperature dependence of the heat conductivity and the resulting temperature profile for magnons and phonons in the MOI at different temperatures have to be modeled quantitatively, to check if the proposed models can fully describe the observed temperature dependence. Such a task is very difficult to successfully implement, as many parameters need to be known precisely as a function of temperature.
From the measurements of the d-dependence and an exponential decay fit for each temperature, we can also determine the temperature dependence of the magnon diffusion length λ mag,res for our LPE YIG layer as depicted in Fig. 24(b) . With decreasing temperature λ mag,res increases. As λ mag,res is influenced by magnon-magnon and magnon-phonon scattering it is reasonable that it increases for lower temperatures. The larger error bars at low temperatures are due to the lower detected non-local signal (see Fig. 24(a) ), which reduces the number of data points that can be used for evaluation of λ mag,res .
In the following we want to shortly compare the results presented in this section to published data from other groups and mention new findings obtained by them. The all-electrical SHE based magnon transport experiments shown in this section are based on the theoretical predictions by Zhang and Zhang 69, 70 in 2012. On the experimental side, the first experimental observation of this effect was reported by Cornelissen et al. 71 in the group of Bart van Wees in Groningen in 2015. In this experimental work Cornelissen et al. observed λ mag,res = 9400 nm in a 210 nm thick LPE YIG film, which is quite promising for future applications. Compared to our results discussed here this value is at least an order of magnitude larger. Shan et al. have shown that the extracted magnon diffusion length depends on the thickness of the LPE YIG and decreases for thicker YIG layers 276 . However, the change observed by Shan et al. was only a reduction by 45% for a 12 µm thick LPE YIG film compared to a 210 nm thick LPE YIG film. Moreover, the extracted λ mag,res sensitively depends on the method used for the extraction, for example which range of edge-to-edge separations are used for the exponential decay fit. Another possibility might be that the surface treatment of the LPE YIG layer during fabrication of the NM strips also plays a crucial role for λ mag,res , but this requires furtehr systematic investigations. Similar to our results in Fig. 24(a) , Cornelissen et al. showed that the temperature dependence of the all-electrical SHE based magnon transport experiments proofs the thermally activated nature of the process responsible for the magnon accumulation, such that the signal vanishes for temperatures T ≤ 30 K 72, 275 . After the first experimental results by the group of Bart J. van Wees, we and a couple of other groups could reproduce the obtained results and helped to build a more fundamental understanding of the underlying physics. 72, 261, 273, 277, 278 . Another important aspect first studied by Cornelissen et al. was the influence of the external magnetic field magnitude onto ∆V nl,res and ∆V nl,therm 279 . Both voltages are reduced with increasing external magnetic field, which can be explained by a field induced change of the spin convertance g and/or a field dependence of λ mag,res and λ mag,therm by field induced changes in the magnon band structure. To better quantify these two contributions more systematic studies are still required. Utilizing the all-electrical magnon transport effect further studies showed that is possible to establish electronically accessible magnon logic circuits 278 and provided evidence for anisotropic magnon transport in MOIs 280 . A confirmation by an independent measurement technique for the presence of a magnon chemical potential driven by the SHE electron spin accumulation has been achieved last year by detecting the stray field of the magnetic excitations by nitrogen-vacancy centers in diamond 281 . First experiments with higher charge current densities for the local drive also provide evidence for accessing nonlinear magnon effects with this all-electrical technique 282 .
From a materials point of view the first experiments used high quality LPE YIG thin films for the MOI, further development of vertical transport structures allowed also to investigate the all-electrical magnon transport effect in sputtered YIG thin film samples 273, 283 . In a recent publication Shan et al. showed that sputtered nickel ferrite layers can be used as the MOI and the all-electrical magnon transport effect can still be observed, which is further evidence for the universal nature of this effect 284 . Means to increase the spin convertance g by surface treatments have already been investigated 261 , but more systematic studies are still required.
Taken all together, the all-electrical SHE based magnon transport experiments are interesting from both a fundamental and an application point of view. The magnon transport experiments enable us in combination with nano-structuring processes to investigate magnetic excitation transport in the diffusive and ballistic regime in a MOI by magnetotransport techniques. Further experiments and theoretical work in this direction will deepen the knowledge on these transport phenomena in MOI. For applications, the all-electrical scheme allows to bridge the gap between magnon logic 5, 6 and conventional charge based logic elements, which allows to fabricate new device concepts 278 .
VIII. CONCLUSION
This topical review dealt with the pure spin current transport in MOI/NM heterostructures and means to detect these currents via the SHE and ISHE. The spin current across the MOI/NM interface is either driven by a non-equilibrium condition of the magnetic order parameter N or by an accumulation of electron spins in the NM and magnetic excitation quanta in the MOI. For the electron spin accumulation one can exploit the pure spin current generated by a charge current in the NM. The interfacial pure spin currents across the interface (Eq.(3)) give rise to the four effects covered in this review article: the spin pumping effect, the longitudinal spin Seebeck effect, the spin Hall magnetoresistance and the all-electrical magnon transport effect.
For the spin pumping effect, we showed that the magnetic order parameter is driven out-of-equilibrium by the application of an RF field, driving it into magnetic resonance. We covered two experimental techniques to quantify the spin pumping effect. On the one hand broadband ferromagnetic resonance allows to detect the change in Gilbert damping from spin pumping and can quantify the transparency of the interface (the spin mixing conductance) for pure spin current, which makes it an interesting tool for material/device characterization. On the other hand, it is possible to detect the pumped spin current as an electrical signal via the ISHE. Such experiments allow to also determine the spin Hall angle and spin diffusion length in the NM.
The longitudinal spin Seebeck effect hinges on the temperature difference at the interface between the electrons in the NM and the magnetic excitation quanta in the MOI. We showed that one can investigate qualitatively the longitudinal effect by magnetotransport measurements and utilizing a current reversal measurement technique. We discussed the temperature dependence of the current heating induced longitudinal spin Seebeck effect in GdIG/Pt heterostructures. In these samples we found two temperatures, where the detected spin Seebeck effect voltage changed its sign and explained this by the influence of the different magnon modes onto the longi-tudinal spin Seebeck effect. Our obtained results establish the longitudinal spin Seebeck effect as a powerful tool to investigate the magnonic band structure, provided a reasonable model to explain the observed signals is available.
The pure spin currents across the interface are also responsible for the spin Hall magnetoresistance. The resistance of the NM on top of the MOI depends on the orientation of the magnetic order parameter with respect to the charge current induced spin polarization at the MOI/NM interface. We discussed how angle-dependent magnetoresistance effects allow to obtain the fingerprint of the SMR and to separate it from other possible contributions. The SMR allows to study pure spin current transport across the interface with simple magnetotransport techniques and a quantitative extraction of the relevant parameters, i.e. the spin Hall angle and spin diffusion length in the NM and the spin mixing conductance of the MOI/NM interface, is possible with this magnetoresistance effect. As a next step we showed that SMR even allows to detect the spin canting phase in compensated REIGs, as in this regime the SMR even changes its sign. Furthermore, we looked into the SMR effect in antiferromagnetic MOI/NM heterostructures and also observed a 90 • phase shift for the resistive response. The results obtained in the antiferromagnet NiO can be quantitatively explained by taking into account the multidomain state present in the spin-flop phase of the MOI. This shows that the SMR does not depend on the orientation of the net magnetic moment, but rather on the orientation of the corresponding magnetic order parameter (e.g. the Néel vector) or on the orientation of the individual magnetic moments at the interface. Thus the SMR is a powerful and surface sensitive magnetotransport technique to study complex spin textures in MOIs.
Finally, we covered the important aspects and recent findings of the all-electrical magnon transport experiments. Here, a non-local electrical measurement concept with tow NM strips allows to investigate the transport of spin excitation quanta in the MOI. The effect crucially hinges on the spin convertance g at the interface and the inelastic electron scattering at the interface associated with it. We showed that, similar to the SMR, all-electrical magnon transport experiments have a characteristic fingerprint in angle-dependent magnetotransport experiments. Most prominently, due to the charge current drive used in the experiment thermal effects due to Joule heating and effects driven by the electron spin accumulation coexist and can be separated by the current reversal technique. In addition, we showed that a systematic investigation of the edge-to-edge distance dependence of the non-local signal enables us to extract the magnon diffusion length in the MOI, which reaches several hundred nanometers in YIG. Finally, the experimental investigation of the temperature dependence of the non-local signal confirms the theoretical predicted concept of the spin convertance and even allows to investigate the magnon diffusion length as a function of temperature. This novel technique allows to study by electrical measurement techniques magnetic excitation transport in MOIs and may even pave the way towards ballistic magnon transport. For applications, this effect allows to combine charge based logic circuits with magnon logic circuits.
IX. OUTLOOK
Last but not least, we want to give an insight into future investigations based on pure spin currents in MOI/NM bilayers, which we think might be worthwhile to pursue.
For the spin pumping effect it has been already shown that the spin mixing conductance at the interface can be tailored in more sophisticated multilayer structures, where between a ferromagnetic MOI and a NM an antiferromagetic MOI is inserted. On the one hand this provides additional tools to engineer the spin mixing conductance at the interface. On the other hand, an more importantly this result suggests that pure spin currents can be transported in antiferromagnetic MOIs. The spin pumping effect in antiferromagnetic MOIs has been theoretically investigated 30, 34, 39, 41 . From an experimental point of view these experiments are rather challenging as it requires microwave fields of several hundred GHz or even THz to drive antiferromagnetic resonances in these MOIs. Similarly, first experiments showed that excited standing spin waves also drive a pure spin current across the interface. Here, more insight into the relevant parameters has to be gained by theory and experiment. It seems to very interesting to also investigate spin pumping in magnetically ordered systems with more exotic collective excitations like chiral spin structures and topological spin textures. First experiments in this realm have been carried out by Hirobe et al. in Cu 2 OSeO 3 /Pt heterostructures 285 , but more experiments in different materials are necessary to better understand the relevant processes. Going a step further, investigations of the dynamical coupling between two MOIs via pure spin currents generated by spin pumping could be interesting to mediate coherent coupling between the MOIs. Such experiments may allow to gain a deeper insight into the AC component of the spin pumped pure spin current. Another intriguing avenue in spin pumping would be to experimentally verify proposed spin noise signatures of squeezed magnon states by dipolar interactions 286 .
The reciprocal effect of driving magnetization dynamics with SHE generated spin currents is another interesting field. In these experiments, the main challenge is to separate pure spin current transferred via the SHE from a charge current from other spurious effects caused by the charge current like Joule heating. For applications, auto-oscillations driven by SHE generated pure spin currents are a promising approach for tunable microwave and spinwave emitters [43] [44] [45] [46] , but high microwave output powers can only be achieved by synchronizing multiple auto-oscillators with each other. For this task pure spin currents may also be beneficial. In addition, spin excitations created from auto-oscillations may allow to study magnon transport in an SHE based all-electrical fashion, with the advantage to rely solely on the spin mixing conductance and not the temperature sensitive spin convertance. Using antiferromagnetic MOIs it might be even possible to achieve THz emission in such devices 210 . Thermal gradients may also be used to drive spin dynamics in MOI/NM heterostructures 287 , which opens up a new avenue for engineering these devices.
The longitudinal spin Seebeck effect has still to prove its usefulness in energy harvesting applications. For such appli-cations it is important to obtain a useful figure-of-merit. Recent theoretical work in this direction seems to indicate that the efficiency at room temperature is not competitive enough with already established Seebeck based devices 52 . However, at low temperatures the longitudinal spin Seebeck effect may allow to fabricate very sensitive thermometers. From a fundamental point of view it is still very important to find means in the experiment to separate contributions originating from the magnon chemical potential and temperature differences at the interface and single out the corresponding relevant length scales. In the same direction it is worthwhile to investigate how one can enhance the longitudinal spin Seebeck effect by tailoring the magnonic bandstructure in artificial systems. In addition, longitudinal spin Seebeck effect experiments in antiferromagnetic and topological spin-textured MOIs can be interesting from a fundamental point of view. A major challenge in such experiments will be to change the orientation of the magnetic order parameter by an external control parameter, to separate the spin Seebeck contributions from other thermally induced voltages. Recent experimental work utilizing the spin-flop transition at large external magnetic allowed to study the longitudinal spin Seebeck effect in the antiferromagnetic MOIs Cr 2 O 3 , MnF 2 and NiO 166, [169] [170] [171] . These first results show that a thermal gradient can also drive a pure spin current across the interface for a antiferromagnetic MOI.
In the realm of the spin Hall magnetoresistance a lot of experiments already showed that this technique allows for surface sensitive magnetic moment detection in MOIs and studies on a variety of different MOIs are to be expected. An increase of this effect might be possible by NM with larger spin Hall angle like 2-dimensional materials and surface conduction states in topological insulators. Furthermore, investigations of the size dependence in MOIs where the magnetic texture size is comparable with feature sizes of lithography processes allow to investigate the suitability of the SMR for electrical detection of magnetic domains or domain walls. A similar aspect is a more profound study of the SMR in MOIs with topological spin texture and exploring the suitability for detection of for example Skyrmions. From a fundamental point of view, it would be great to include contributions of g to the SMR model and figure out means to extract these influences in the experiment. This might be possible in nanostructured, ultrathin MOI/NM bilayers, as one can then quite possibly enhance the magnon chemical potential due to the spin convertance g at the interface and then be able to detect those. Further progress in MOI/NM multilayers may provide means to study the spin-valve like SMR effect in the future and more insight into engineering the MOI/NM interface to enhance for example the imaginary part of the spin mixing conductance. As already mentioned in Section VI, quantum tunneling aspects of the SMR provide for interesting aspects, here especially in metallic heterostructures where an oscillatory behavior is expected in theory.
For the all-electrical spin Hall effect based magnon transport experiments, one possible scenario is to simultaneously conduct all-electrical measurements and spatially resolved inelastic-light scattering experiments to independently resolve the magnon transport. Another interesting experiment would be to utilize nanostructuring processes and/or artificial magnonic crystals to study on the one hand the effect of reduction in dimensionality on the magnon transport and on the other hand allow for single frequency magnon transport in these experiments. Similarly, investigating the allelectrical magnon transport in MOIs with antiferromagnetic, or topological, or chiral magnetic order are interesting steps in evolving a deeper understanding of the magnon transport in these MOIs. In addition, it would be interesting to investigate the temporal evolution of the non-local voltage signal, which should allow to extract relevant timescales for the transport process. However, electrical crosstalk between the two separated strips may make such an approach quite challenging. Investigating theoretical predictions for a spin superfluid magnon current utilizing all-electrical magnon transport may be interesting from both a fundamental and applications point of view 288 . Especially in these all-electrical magnon transport experiments it is now possible to study interactions induced by additional drives, like microwaves exciting standing spin waves or thermal excitations and their influence on the magnon transport in MOIs. Accomplishing ballistic spin excitation transport in magnon transport experiments would allow to extract the transported quanta (h) and to investigate spin current transport in a regime different to diffusive transport, as already studied in the thermal transport of antiferromagnetic MOIs 289 . To achieve ballistic transport, 1-dimensional transport channels with lengths shorter than the magnon diffusion length are necessary. Last but not least, the ultimate goal would be to achieve coherent spin current transport by these spin Hall based approaches, which requires further work in both theory and experiment.
From this topical review it is evident that pure spin current physics in MOI/NM systems have already extended our knowledge and brought major breakthroughs in the field of pure spin currents and understanding the underlying physics. Still many exciting things are yet to be discovered in this research area, making it an sensational time to be active in this field.
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